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Magnetospheric  and  High-Latitude 
ionospheric  Electrodynamics 


1.  INTRODUCTION 

This  report  deals  with  the  volume  of  space  that  is  bounded  externally  by 
the  magnetopause,  and  internally  by  the  plasmapause  and  the  high-latitude  iono¬ 
sphere  at  an  altitude  of  300  km.  The  magnetopause  separates  regions  of  space 
dominated  by  the  earth's  magnetic  field  (magnetosphere),  and  by  the  shocked 
solar  wind  (magnetosheath).  Earthward  of  the  plasmapause,  dynamics  are  gen¬ 
erally  controlled  by  corotation  rather  than  by  solar-wind  driven  convection. 

The  arbitrarily  chosen,  low-altitude  boundary  in  the  ionosphere  represents  a 
transition  below  which  the  effects  of  the  earth's  neutral  atmosphere  are  dominant. 
From  the  viewpoints  of  both  cause  and  effect,  the  report  is  something  less  than 
self-contained.  Without  the  geomagnetic  field  and  the  solar  wind,  there  would 
be  no  magnetosphere  and  no  magnetospheric  electrodynamics;  without  solar 
irradiance,  there  would  be  much  less  of  an  ionosphere.  Without  magnetospheric 
electrodynamics,  there  would  be  no  aurora,  no  high-latitude  currents,  no  ring 
current,  and  no  problems  with  spacecraft  charging. 

The  term  "electrodynamics"  encompasses  a  complex  of  processes  by  which 
charged  particles  move  about  in  the  magnetosphere-ionosphere  system.  The 
nature  of  the  processes  varies  from  region  to  region  within  the  system.  Magnetic 
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merging  at  the  magnetopause,  and  field-aligned  potential  drops  above  the  auroral 
ionosphere,  are  examples  of  localized  electrodynamic  processes.  They  are  uni¬ 
fied  as  electrodynamic  processes  in  that  they  emerge,  with  appropriate  boundary 
conditions,  as  solutions  of  the  Vlasov-Maxwell  equations.  General  solutions  of  the 
Vlasov -Maxwell  equations  over  the  entire  magnetosphere-ionosphere  system  are 
well  beyond  present  capabilities.  Some  success,  however,  has  been  abhieved  by 
considering  elements  of  the  system  in  relative  isolation.  This  provides  insight 
into  how  system  elements  evolve  in  response  to  external  inputs.  Since  the  entire 
system  is  electrically  coupled,  the  isolated  element  approach  is  self-limiting.  As 
one  element  evolves,  it  affects  processes  in  other  elements  of  the  system.  The 
main  goals  of  this  report  are  to  describe  the  various  system  elements  and  indicate, 
in  a  quantitative  sense,  how  they  are  electrically  coupled. 

In  dealing  with  the  earth's  magnetosphere,  three  things  quickly  impress  the 
mind.  First,  there  is  almost  nothing  there.  Particle  densities  in  the  plasma  sheet 
range  up  to  about  l/cm'  .  With  present  technology,  laboratory  vacuum  systems  are 
able  to  get  down  to  densities  of  10 1  Vcm  .  Second,  the  volume  of  space  occupied 
by  the  magnetosnhere  is  considerable.  Typical  magnetospheric  dimensions  are  of 
the  order  of  10  Rj-.  (1  R^-,  =  0.4  x  10'  km).  Third,  when  compressed  to  global  scales, 
the  effects  of  magnetospheric  processes  are  impressive.  This  third  point  is  illus¬ 
trated  in  Figure  1,  and  provides  a  convenient  point  of  departure  for  this  survey  of 
magnetc spheric  and  high -latitude  ionospheric  processes.  The  figure  exemplifies 
the  spatial  distribution  of  visible  i  adiation  observed  by  an  optical  imaging  system 
on  a  DMSP  (Defense  Meteorological  Satellite  Program)  satellite.  City  lights  provide 
an  easily  recognized  map  of  the  western  half  of  \Torth  America.  The  total  energy 
emitted  by  auroral  forms  over  the  northern  tier  of  Canadian  provinces  rivals  or 
exceeds  the  combined  ground  emissions  from  the  I'nited  States  and  Canada.  Auroral 
emissions  are  largely  due  to  plasma  sheet  electrons,  with  energies  of  a  few  keV 
impacting  the  K -layer  of  the  ionosphere.  The  instantaneous  locus  of  plasma  sheet 
electron  precipitation  is  called  the  auroral  oval.  Global  imagery  from  satellites 
such  as  DMSP  have  shown  that  the  auroral  oval  may  be  approximated  by  circular 
bands  surrounding  the  geomagnetic  poles.  The  centers  of  the  circles  are  offset  by 
about  39  to  the  night  sides  of  the  magnetic  poles.  The  radii  of  the  circle,  the  widths 
of  the  bands,  and  the  intensity  of  emissions  vary  with  the  level  of  geomagnetic  acti¬ 
vity.  However,  the  auroral  oval  exists  at  all  times,  and  acts  as  a  major  sink  for 
magnetospheric  particles  and  energy.  The  particles  and  energy  lost  hy  the  magneto¬ 
sphere  flue  to  auroral  precipitation  ultimately  come  from  the  solar  wind.  Thus,  an 
estimate  of  global  precipitation  loss  also  gives  an  estimate  of  the  efficiency  of  solar 
wi  nd/ magneto  sober  io  interactions  required  to  maintain  the  auroras. 


V 


Fissure  1.  DMSP  Imagery  From  Over  Western  Forth  America 


Durinp  periods  of  moderate  peomapnetie  activity,  the  auroral  oval  can  he  ap¬ 
proximated  as  a  circular  band  extending  from  7fi5  to  Rn  =  mapnetic  latitude.  The 

1 7  9 

area  of  such  a  hand  is  10  cm".  The  mean  flux  of  electrons  into  the  auroral  oval 
a .  •> 

is  about  10  /cm"-seo.  Thus,  under  steady  state  conditions,  the  solar  wand  must 

•>r, . 

supply  electrons  to  the  mapnetosphere  at  a  rate  of  10"  /sec.  The  aver ape  enerpv 
of  precipitatinp  electrons  is  of  the  order  of  1  ho V .  The  onerpv  loss  due  to  electron 
precipitation  alone  i^  about  10^  W.  similar  or  larper  amounts  of  solar  wind  enerpa 
must  be  supplied  to  account  for  ionospheric  .Toule  heatinp,  and  for  maintaininp  the 

rinp  current.  The  central  focus  of  this  report  is  to  outline  the  present  understandin 

'T, 

of  how  in"  electrons  per  second  and  tens  of  billions  of  watts  are  extracted  from  the 
solar  wind  to  drive  maunoto  spheric  and  ionospheric  elect  rodvnnr-n r  processes. 


2.  MAGNETOSPHERIC  BOUNDARY  INTERACTIONS 


In  describing  interactions  between  the  solar  wind  and  the  earth's  magnetosphere,, 
two  coordinate  systems  are  useful:  geocentric  solar-ecliptic  (SE)  and  solar  magneto- 
spheric  (SM)  coordinates.  Both  coordinate  systems  have  their  origins  at  the  center 
of  the  earth  with  the  X  axes  positive  toward  the  center  of  the  sun;  that  is,  XgE  = 

The  ZgE  axis  is  normal  to  the  ecliptic  plane,  and  positive  toward  the  north.  The 
Yse  that  completes  the  right-hand  system  is  positive  toward  local  dusk.  The  ZgM 
axis  is  coplanar  with  the  earth's  magnetic  moment  vector  (M)  and  the  XSM  axis.  It 
is  positive  toward  ecliptic  north.  The  axis,  which  always  lies  in  the  SM  equa¬ 

torial  plane,  completes  the  right-hand  orthogonal  coordinate  system.  For  a  radially 

—  A  A  A  JL 

flowing  solar  wind  (Vg  *  “Vg^gj?  *  where  Xg^  and  Xg^y  are  unit  vectors 

along  XgE  and  XgM,  respectively)  the  angle  between  M  and  ZSM  gives  the  magnetic 
latitude  of  the  magnetospheric  subsolar  point.  Note  that  due  to  the  11°  offset  between 
M  and  the  earth's  rotational  axis,  and  to  the  23.  5°  angle  between  the  equatorial  and 
ecliptic  planes,  the  magnetic  latitude  of  the  subsolar  point  is  subject  to  ±34.5°  com¬ 
bined  seasonal  and  diurnal  variations.  The  SM  is  superior  to  the  SF  system  for 
ordering  data  relevant  to  interactions  between  the  solar  wind  and  the  magnetosphere. 

2. 1  Tin*  MagnelopaiiM* 

The  shape  of  the  "steady  state"  magnetosphere  is  determined  from  the  force 
balance  equation 

v . :  p  +  t  ]  =  o  n) 


where  P  and  T  are  the  total  pressure,  and  the  Maxwell  stress  tensors,  respectively. 
The  total-pressure  tensor  is  made  up  of  two  parts,  due  to  the  dynamic  and  thermal 
pressures  of  the  solar-wind  components. 


P  =  2n  m  V  V 
=  s  p  s  s 


+  Psi  +  pse 


(2) 


where  n  is  the  solar-wind  density,  m  the  mass  of  a  proton;  p  .  and  p  are  the 

S  "  P  Ol  *5  v 

thermal  pressures  of  solar-wind  ions  and  electrons,  respectively.  The  factor  of 
2  accounts  for  specular  reflection  of  incoming  particles.  The  shape  of  the  magneto¬ 
pause  on  the  davside  can  be  calculated  by  numerical  means  using  a  simplified  force 
balance 

2nsmp\s  XSE  *nM)  =  RT  ^2  "o 
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where  mq  is  the  permittivity  of  free  space,  is  an  outward-directed  unit  vector, 
normal  to  the  magnetopause,  and  Tlrj.  is  the  total  magnetic  field  at  the  magnetopause 
rtj,  is  a  superposition  of  fields  due  to  the  earth's  dipole  B^,  to  the  currents  flowing 
on  the  magnetopause  B^,  and  to  other  currents  distributed  in  the  magnetosphere. 
Beyond  the  magnetopause,  B^  exactly  cancels  the  internal  fields.  To  a  very  good 
approximation  at  the  subsolar  point  of  the  magnetopause 

|BtI  =  2|nM  x  Bd|  .  (4) 

In  the  magnetic  equatorial  plane 

%  •  «> 

where  B  =3.1  x  10  ’T  is  the  strength  of  the  earth's  field  at  the  surf;.  on  the 
magnetic  equator.  1,  is  the  distance  from  the  center  of  the  earth  in  earth  radii 
{!{,.).  Substitution  of  Fqs.  (4)  and  (!i)  into  F'q.  (3)  gives  the  distance  to  the  magneto 
pause  near  the  subsolar  point 

4r(,!o2/W1pV)'/"  • 

o 

For  a  solar-wind  density  and  velocity  of  a/cm'1  and  400  km/sec,  T,..  =  0.  The 

At  . 

shape  of  the  dayside  magnetopause  was  calculated  by  Mead  and  Beard,  and  by 
■> 

Olson,  “  using  iterative  numerical  techniques  in  which  the  tilt  of  the  dipole  was 
ignored  and  included,  respectively.  Figure  2  shows  a  meridional  cross  section 
of  tin’  magnetosphere  calculated  with  T,^  =  10  in  the  Mead  and  Beard  model.  The 
locus  of  dipole  field  lines  (dashed  lines),  in  comparison  with  the  calculated  total 
field,  strikingly  illustrates  the  effects  of  the  solar  wind  on  the  overall  magnetic 
topology.  Magnetic  field  lines  on  the  dayside  are  compressed,  while  those  on  the 
nightside  ire  elongated.  \ote  that  in  this  model  field  lines  intersecting  the  earth 
at  magnetic  latitudes  greater  than  B3°  are  swept  back  to  the  nightside  by  the  solar 
wind.  There  are  a  pair  of  singular  points  on  the  magnetopause  at  separatrices 
between  field  lines  closing  on  the  day  anrl  night  sides.  These  points  correspond  to 
the  dayside  cusps. 

1.  Mead,  D.,  and  Board,  D.  B.  (lbf>4)  Shape  of  the  geometric  field  solar 

wind  boundary,  -1,  doophys.  Res.  MrllfiO. 

2.  <>lson,  \V.  I’.  (lnr,rd  The  shape  of  the  tilted  magnetopause,  ,T.  Oeophvs.  Res. 

7 1 fi  t  2.  - - J - 


- PURE  DIPOLE  / 

- DISTORTED  DIPOLE/ 


Figure  2.  Model  of  the  Farth's  Magnetic  Field  Distorted  bv  the  Solar  Wind1 


p,,'  del<  :!i.--ci!«s«‘d  do  not  describe  the  night  side  of  the  magnetclail 
ioiiuatid' ,  i  >n e  reason  is  apparent  from  a  consideration  of  !'q<  (21.  On  the  dav- 
j,j>.  „f  t!'e  magnetosphere,  the  dvnarrie  pressure  of  the  solar  wind  dominates  over 
...  t'HM . il  Pressures.  On  the  night  side,  with  plasma  flow  almost  tangential  to 

A  3 

>e  •'•agtieronause  (X  •  n^f  n),  the  converse  is  true.  \n  early  model  of  the 
■  i  /netosobere  had  a  teardrop  shape,  with  the  closing  distance  determined  by  the 
ulur-wind  Mach  number.  Fiddington4  suggested  that,  in  flowing  past  the  magneto 
ptie re,  the  solar  wind  exerts  tangential  stresses  at  the  boundarv.  Such  stresses 
raw  the  nightside  of  the  magnetosphere  into  an  elongated  maerietotail.  In  the  ali¬ 
enee  of  d guifioar.t  nlasma  within  the  magnetotail,  the  tangential  force  exerted  by 
ie  solar  wind  on  the  magnetosphere  is 

.  Johnson,  F.  S.  (1000)  The  gross  character  of  the  geomagnetic  field  in  the 
solar  wind,  .1.  C.eophvs.  lies.  <>.1:3040. 

.  I’iddington,  ,i.  [|.  (1  003)  Theories  of  the  geomagnetic  storm  main  phase. 
Planet.  Space  Sci.  II:  1277. 
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where  B^rp  and  R^j  are  the  field  strength  and  radius  of  the  magnetotail,  respec¬ 
tively.  There  are,  however,  distributed  currents  in  the  inner  magnetosphere  (the 
ring  current),  and  in  the  magnetotail  (the  neutral  sheet  currents),  whose  effects 
must  be  included  in  realistic  stress  calculations. 


2.2  Con  vet  ion 

In  many  cases,  the  magnetosphere-solar  wind  interaction  is  well  described  by 
steady  state  equations  such  as  Eq.  (1).  The  equilibrium  represented  by  these  equa¬ 
tions,  however,  is  dynamic  rather  than  static.  Only  a  dynamic  situation  is  consis¬ 
tent  with  existing  high-latitude  current  systems.  These  currents  result  from  iono- 

r; 

spheric  convection,  which  is  driven  by  magnetospheric  convection,'  Magnetospheric 
convection  is,  in  turn,  driven  by  the  solar  wind.  That  is,  energy  is  extracted  from 
the  solar  wind  by  the  magnetosphere,  and  at  least  some  of  that  energy  is  dissipated 
in  the  ionosphere.  Two  mechanisms  for  transferring  energy  to  the  magnetosphere 
have  been  developed  over  the  last  two  decades:  viscous  interaction  ’  and  magnetic 

7 

merging.  Both  models  explain  many  qualitative  features  of  magnetospheric  con¬ 
vection  and  auroral  particle  energization.  Recent  satellite  observations  suggest 
that  both  mechanisms  are  operative,  but  in  more  complex  wavs  than  envisaged  hv 
early  proponents. 

The  \xford-Hines  model’  postulates  that  the  magnetosheath  plasma  exerts  a 
viscous  fcce  on  a  layer  of  unspecified  thickness  inside  the  magnetopause.  Mag¬ 
netic  field  lines  threading  this  layer  are  dragged  in  the  antisolar  direction,  and 
are  stretched  to  great  distances  in  the  magnetotail.  \s  elongated  flux  tubes  move 
out  of  the  viscous  interaction  layer,  they  snap  back  to  a  more  dipolar  configuration. 
In  the  rest  frame  of  the  earth,  this  motion  of  magnetic  field  lines  appears  as  an 
electric  field,  E  =  -V  x  B.  \  magnetospheric  equatorial  projection  of  the  convection 
pattern  generated  in  the  viscous  interaction  model  is  given  in  Eigurp  1.  When  map¬ 
ped  to  ionospheric  altitudes,  assuming  that  E  •  B  D,  the  model  reproduces  the 
general  features  of  the  polar/auroral  current  system.  \ote  that  plasma  trapped  on 
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Figure  3. 


Equatorial  Projection  of  Convection  Pattern  in  Viscous  Interaction  Model 


elongated  flux  tubes  is  adiabatically  heated  as  the  flux  tubes  convect  earthward  and 
shrink  in  volume. 

The  second  model  postulates  that  the  dynamic  interaction  between  the  solar 
wind  and  the  magnetosphere  proceeds  by  means  of  a  magnetic  merging  process. 
The  simplest  features  of  this  phenomenon  are  illustrated  in  Figure  4.  Consider 
a  magnetic  field  that  at  great  distances  above  (below)  the  X-Y  plane  points  in  the 
+  (-)  X  direction.  In  the  presence  of  an  electric  field  FY,  magnetic  field  lines 
convect  toward  the  X-Y  plane.  At  the  neutral  line  (X  =  0,  7.  -  0),  magnetic  field 
lines  from  the  upper  half  space  merge  with  field  lines  of  the  opposite  polarity  from 
the  lower  half  space.  To  the  left  (right)  of  the  neutral  line,  merged  magnetic  field 
lines  cross  the  X-Y  plane  with  a  +  (-)  7.  component,  and  F  x  n  convect  away  from 
the  neutral  line  in  the  ■+  (-)  direction.  Two  necessarv  conditions  for  magnetic 
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Figure  4.  Magnetic  Field  Geometry  and  Flectric  Field  Required  for  Magnetic 
Merging 

merging  are  magnetic  fields  of  opposite  polarity  across  some  plane,  and  an  elec¬ 
tric  field  component  that  is  tangent  to  the  plane. 

Mefore  considering  how  magnetic  merging  might  apply  to  the  magnetosphere, 
it  is  useful  to  distinguish  between  several  possible  magnetic  topologies.  Tt  is  well 
known  that  a  weak  interplanetary  magnetic  field  (IMF)  is  carried  hv  the  solar  wind. 
Fxcept  for  a  small  correction  term  in  the  force  balance  equation,  the  IMF  plays  no 
obvious  role  in  the  viscous  interaction  model.  The  magnetic  merging  model,  how¬ 
ever,  assigns  important  roles  to  the  IMF  because  this  model  requires  three  types 
of  magnetic  field  lines:  (1)  IMF  lines  with  both  "feet'  in  the  interplanetarv  medium, 

(2)  closer!  field  lines  with  both  "feet"  in  the  earth,  and  (2)  open  field  lines  with  one 

,,  ,,  7 

foot  on  earth  and  the  other  in  the  solar  wind.  Pungey  pointer!  out  that  when  the 

IMF  has  a  southward  component,  magnetic  merging  can  occur  near  the  subsolar 
point  of  the  magnetopause.  The  idea  is  illustrated  in  Figure  !>,  which  can  he  viewed 
either  as  a  snapshot,  or  as  a  time  history  o'-  an  individual  field  line.  As  southward 
directed  IMF  lines  are  eonvected  up  against  compressed  dipolar  field  lines,  merg¬ 
ing  occurs  at  timefT)  ,  llecause  one  foot  of  a  newly  merger!  field  line  is  embedded  in 
the  solar  wind,  the  whole  field  line  is  dragged  in  the  antisolar  f-X,.,^)  direction. 

In  an  earth-stationary  frame  of  reference,  the  motion  of  the  ionospheric  foot  of  the 
fielrl  line  appears  to  result  from  a  dawn-to-dusk  electric  field.  Times(T)  through(?) 
show  the  various  stages  of  antisunward  motion  of  an  open  fielrl  line.  \t  time(fi),  a 


Figure  r>.  Snapshot  of  Magnetic  Merging  Between  Southward  TMF  and  the  Earth's 
Magnetosphere 


portion  of  the  field  line  has  convected  to  the  magnetic  equatorial  plane  where  it 
reconnects  with  an  open  field  line  from  the  conjugate  ionosphere.  T'nder  the  in¬ 
fluence  of  the  dawn-to-dusk  electric  field  the  field  line  then  conveets  earthward 
(times(7)through(o) ).  Eventually,  reconnected  field  lines  move  to  the  davside 
(time  (To)  ),  where  they  are  in  position  to  continue  the  merging-reconnection  cycle. 

The  magnetospheric  convection  patterns  predicted  by  the  viscous  interaction 
and  magnetic  merging  models  with  a  southward  IMF  are  quite  similar.  Empirical 
evidence  from  near  the  magnetopause  indicates  that  both  viscous  and  magnetic 
merging  processes  occur.  That  many  observational  studies  have  shown  high  corre¬ 
lations  between  southward  turnings  of  the  IMF  and  the  onset  of  magnetic  activity 
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indicates  a  dominant  role  for  energy  transfer  by  a  merging  process.  \s  discussed 
in  Sec.  6.  1,  this  surmise  is  supported  by  modifications  observed  in  polar-cap 
(open  field  line)  convection  patterns,  with  variations  in  the  Y<,^  component  of  the  IMF 
and  when  the  ZQ,T  component  is  northward.  Finally,  we  mention  that,  currently, 

O  A I  J  } 

merging  is  thought  to  occur  sporadically,  rather  than  as  a  steady  state  process, 

1° 

and  in  the  vicinity  of  the  davside  cusps  rather  than  near  the  subsolar  point.  "' 

2.3  liomiikm  l  .o  ns 

Before  considering  the  dynamics  of  the  closed  portion  of  the  magnetosphere, 
let  us  return  briefly  to  our  original  question  of  how  10"  particles/ sec  gain  entry 

*>R  90 

to  the  plasma  sheet.  Between  10"  and  10"  solar  wind  particles/ sec  impact  the 
davside  magnetopause.  Thus,  an  entry  efficiency  of  less  than  1  percent  is  suf¬ 
ficient  to  maintain  the  plasma  sheet.  Our  understanding  of  bow  mngnetosheath 
plasma  gains  entry  to  the  magnetosphere  and  influences  its  interior  dynamics  has 
been  evolving  rapidly  over  the  last  decade.  I'nder  such  circumstances,  it  is  not 
unusual  to  encounter  a  multiplicity  of  nomenclatures  that  will  probably  lie  simpli¬ 
fied  as  relationships  between  various  boundary  plasma  regimes  become  more  evi¬ 
dent.  Vasyliunas'  *  has  defined  magnetospheric  boundary  layers  as  regions  of 
space  threaded  by  magnetic  field  lines  of  the  magnetosphere,  but  populated  by  plasma 
similar  to  that  found  in  the  magnetosheath.  The  four  regions  satisfying  this  defini¬ 
tion  are:  (1)  the  plasma  mantle,  (2)  the  interior  cusp,  (3)  the  low -latitude  boundary 
layer,  and  (4)  the  plasma  sheet  boundary  layer.  Figure  R  is  a  schematic  repre¬ 
sentation  of  the  magnetospheric  loci  of  these  regimes.  Somewhat  speculative  rep* 
resentations  of  their  ionospheric  protections,  and  their  "source-relationships''  to 
the  plasma  sheet,  are  given  in  Figures  Rb  and  7,  respectively.  The  plasma  mantle 
is  found  on  open  magnetic  field  lines:  the  remaining  three  regions  are  found  in  closed 
field  line  portions  of  t he  magnetosphere. 
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Figure  6.  (a)  Schematic  Diagram  of  Various  Observed  Magnetospheric  Roundary- . 
Layers;  (b)  Their  Mapping  Down  to  the  Ionosphere  Along  Magnetic  Field  Lines 1 
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Figure  7.  A  Model  of  Magnetospheric  Circulation  for  Filling  the  Plasma  Sheet1 
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The  plasma  mantle  was  identified  first  as  a  magnetosheath -like  plasma  flowing 

nearly  along  magnetic  field  lines  inside  the  magnetopause,  in  the  near-earth  lobes 
16 

of  the  magnetotail.  The  plasma  density  and  the  spatial  thickness  of  the  mantle  are 

17 

greatest  during  periods  of  southward  IMF.  The  mantle  is  also  observed  in  the 

1 8 

lobes  of  the  magnetotail  at  lunar  distances  =  -60  R^,)  near  the  ecliptic  plane. 

Mantle  particles  are  believed  to  enter  the  magnetosphere  near  the  dayside  cusp.  A 
dawn-to-dusk  electric  field  causes  particles  to  convect  in  the  antisunward  direc¬ 
tion,  so  that  particles  that  mirror  at  low  altitudes  find  themselves  on  open  field 
lines  as  they  rise  from  their  mirror  points.  The  same  dawn-to-dusk  electric  field 

causes  the  mantle  particles  to  drift  toward  the  equatorial  plane  as  they  move  away 

19 

from  the  earth.  Pilipp  and  Morfill  suggested  that  mantle  particles  may  be  one 
source  of  plasma  sheet  particles. 

As  the  name  suggests,  the  "interior  cusp"  refers  to  the  region  of  closed  mag¬ 
netic  field  lines  passing  through  or  just  equatorward  of  the  cusp.  Magnetosheath 
plasma  diffuses  into  this  region.  As  opposed  to  the  mantle  or  the  low-latitude 
boundary  layer,  the  plasma  of  this  region,  which  is  also  called  the  entry  layer,  is 
relatively  stagnant.  However,  depending  on  the  strength  and  direction  of  convective 
electric  fields  in  the  cusp,  it  is  possible  to  think  of  the  interior  cusp  plasma  as  a 
partial  source  of  both  the  mantle  and  the  low-latitude  boundary  layer. 

Along  the  dawn  and  dusk  meridians,  near  the  magnetospheric  equatorial  plane, 
the  low-latitude  boundary  layer  is  characterized  by  magnetosheath-like  plasma 
flowing  in  the  antisunward  direction.  The  thickness  of  this  layer  ranges  up  to  ~  1  R^. 
As  shown  in  Figure  6a,  the  low-latitude  boundary  layer  has  been  observed  to  great 

distances  in  the  antisolar  direction.  The  density  of  plasma  within  the  layer  is  about 

20 

a  factor  of  4  less  than  that  of  the  adjacent  magnetosheath.  Electrons  within  the 
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layer  have  trapped  pitch-angle  distributions.  Whether  the  low-latitude  boundary 

layer  is  maintained  through  a  diffusive  and/or  an  impulsive  entry  process  is 

20 

currently  a  matter  of  debate.  Sckopke  et  al.  estimate  that  a  diffusion  coefficient 
9  2/ 

of  10  m  /  sec  is  required  to  maintain  the  observed  low-latitude  boundary  layer. 
Figure  6a  shows  the  plasma  boundary  layer  together  with  the  low-latitude  boundary 
layer  as  forming  a  continuous  envelope  surrounding  the  hot  plasma  contained  in  the 
central  plasma  sheet.  The  physical  processes  that  connect  the  low-latitude  bound¬ 
ary  layer  and/or  the  mantle  with  the  plasma  boundary  layer,  and  with  the  central 
plasma  sheet,  are  not  known  at  this  time.  It  is  currently  believed  that  discrete 
arcs  in  the  auroral  oval  map  to  the  boundary  rather  than  to  the  central  plasma 
sheet.  Within  the  plasma  sheet  boundary,  rapidly  flowing  plasmas  are  observed. 

These  flowing  plasmas  come  from  spatially  limited  acceleration  regions  called 

,,  ,,93 

magnetospheric  fireballs.  Whether  the  energization  process  in  fireballs  re¬ 
sults  from  magnetic  reconnection  or  some  other  process  is  still  another  open 
question. 


:t.  Till.  PLASM  \  SHUT 

The  earth's  plasma  sheet  is  the  highly  dynamical  region  of  the  earth's  mag¬ 
netosphere  that  acts  as  a  depository  for  auroral  particles.  It  is  a  region  of  closed 

magnetic  field  lines.  Before  being  detected  hv  the  Soviet  satellites  T.una  I  and 
24 

T.una  2,  somewhat  strangely,  this  important  region  of  the  magnetosphere  was 

not  anticipated  theoretically.  Equatorial  and  noon-midnight  meridional  projections 

95 

of  the  plasma  sheet  are  given  in  Figures  B  and  9,  respectively.  Both  projections 
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Figure  fl.  The  Distribution  of  Plasma  Sheet  Electrons  in  the  Equatorial  Plane. 
The  density  of  shading  is  roughly  proportional  to  the  density  of  plasma  sheet 
particles-'1 


Fi spire  a.  The  Distribution  of  Xightside,  Plasma  Sheet  Electrons  in  the 
Meridional  Plane-^ 


show  that  the  plasma  sheet  extends  for  great  distances  in  the  direction. 

The  plasma  sheet  has  a  distinct  inner  edge  that  varies  as  a  function  of  local  time 
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and  the  level  of  geomagnetic  activity.  '  The  dynamics  of  the  inner  edge  of  the 
plasma  sheet  are  well  understood  theoretically  and  are  discussed  in  Sec.  7.2.  The 


equatorial  thickness  of  this  boundary  is  ~  1  Rg,  and  is  marked  by  a  cooling  of 
electron  temperatures.  Just  tailward  of  this  boundary,  plasma  sheet  electrons 
have  an  average  energy  of  ~  1  keV.  During  periods  of  substorm  injections,  the 
temperature  of  electrons  may  rise  to  ~  10  keV.  Temperatures  of  plasma  sheet 
ions  tend  to  be  higher  than  those  of  electrons  by  a  factor  of  2  or  more. 

Figure  10  is  a  cross-sectional  view  of  the  magnetotail  portion  of  the  plasma 
sheet.  It  has  a  minimum  thickness  in  the  mid-tail  region,  and  flares  to  a  maximum 
thickness  near  the  dawn  and  dusk  flanks  of  the  tail.  At  lunar  distance  =  -fiO  Rg), 
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the  tail  radius  is  —  25  R^,.  The  average  half -thickness  of  the  mid-tail  plasma 
sheet  is  ~3  R™  During  the  expansion  phase  of  substorms,  the  thickness  of  the 
plasma  sheet  in  the  tail  decreases,  and  then  expands  during  the  recovery  phase. 

_3 

At  lunar  distance,  the  average  density  of  the  plasma  sheet  is  ~  0. 1  cm  '  .  The 

99 

electron  and  proton  temperatures  are  ~  0.  25  and  2.  5  keV,  respectively.  ' 

The  remainder  of  this  subsection  is  concerned  with  the  physical  mechanisms 
responsible  for  particle  energization  and  precipitation  in  the  plasma  sheet.  Ener¬ 
gization  processes  are  classified  as  either  adiabatic  or  non-adiabatic.  Examples 

30 

of  non-adiabatic  energization  are  neutral  sheet  acceleration,'  stochastic  wave- 
particle  acceleration,  and  heating  derived  from  magnetic  field  reconnection  and 
annihilation.  Although  these  are  undoubtedly  important  sources  of  particle  energy, 
we  limit  ourselves  here  to  describing  adiabatic  energization  in  some  detail.  Pai — 
tide  precipitation  is  maintained  or  enhanced  either  by  magnetic  field-aligned  elec¬ 
tric  fields  (E  1,  or  by  pitch-angle  diffusion.  E  is  very  important  for  discrete 
auroral  arc  formation.  Pitch-angle  diffusion  results  from  wave-particle  inter¬ 
actions.  Here  we  summarize  briefly  the  collective  plasma  modes  responsible  for 
these  phenomena. 

3.1  \<l ialiat i<-  Motion  in  the  PI.isiim  Slioct 

The  adiabatic  energization  of  plasma  sheet  particles  involves  the  related  con¬ 
cepts  of  adiabatic  invariance  and  guiding  center  motion.  The  general  concept  of 

3 1 

adiabatic  invariance  comes  from  classical  llamilton-.Tacobi  theory.  If  a  system 
executes  a  periodic  motion  in  a  force  field  (E)  that  changes  slowly  in  time  with 
respect  to  the  period  (T) 

I  clE 

E  dt  '*■  T 


28.  Hones,  Jr.,  E.  \V,,  \sbridge,  J.  R.,  Ha  me,  S.  J. ,  Montgomery,  M.  D., 
and  Singer,  S.  f  1 D73)  Substorm  variations  of  the  magnetotail  plasma  sheet 
from  Rp.  to  -50  R^,  J.  Ceophys.  Res.  71t:in9, 

23.  Rich,  E.  J. ,  Reasoner,  D.  1..,  and  Rurke,  W.  J.  (13731  Plasma  sheet  at 
lunar  distance:  Characteristics  and  interactions  with  the  lunar  surface, 

J.  Oeophys.  Res.  78:8037. 

30,  Speiser,  T.  \V.  (1307)  Particle  traieetorie.s  in  model  current  sheets,  11: 

Application  to  auroras  using  a  geomagnetic  tail  model,  J.  C.eoplns.  Res. 
72:3319.  ' 

3  1.  Terllaar,  D.  (1394)  Elements  of  Hamiltonian  Mechanics,  Xortb  Holland  Co., 
\msterdam,  Ch. 


1 

I. '  - 

,  , 
s. 

k. 

•  V 

k.  * 


m 


4 


then  the  quantity 
I  =  <j>  p  dq, 

(where  p  and  q  are  canonical  momentum  and  coordinate  variables)  is  a  constant  of 
the  motion  known  as  an  adiabatic  invariant.  Charged  particles  moving  in  the  earth's 
magnetic  field  may  have  as  many  as  three  periodicities  due  to  their  gyration,  bounce, 
and  drift  motions.  The  three  adiabatic  invariants  associated  with  these  periodicities 
are : 


(1)  the  magnetic  moment 

m  v  2 
a  =_2R 


(8) 


where  v  is  the  component  of  velocity  perpendicular  to  the  magnetic  field, 

(2)  the  longitudinal  invariant 

•T  =  o  p  ds  (b) 

where  p  and  ds  are  momentum  component  and  distance  along  B,  and 
(.1)  the  flux  invariant 

V  -  6  \  •  dl  (10) 

where  \  is  the  magnetic  vector  potential  and  dta  distance  element  along  a  particle 
3  9  2  2 

drift  trajectory.'  "*  Most  plasma  sheet  particles  either  precipitate  or  follow 
drift  trajectories  that  intersect  the  magnetopause  before  thev  can  drift  all  the  way 
around  the  earth.  Thus,  in  the  plasma  sheet  onlv  the  first  and  second  invariants 
are  of  interest.  'Hie  third  invariant  is  important  for  understanding  the  ring  current 
and  radiation  belts. 
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At  this  point,  it  is  useful  to  introduce  the  related  concepts  of  pitch  angle  and 
magnetic  mirroring.  The  pitch  angle  (a)  of  a  charged  particle  is  defined  as  the 
angle  between  its  instantaneous  velocity  and  the  magnetic  field 

a  =  cos  _1(v  •  B  /  |  v  |  |  B  J  ) 

Magnetic  mirroring  results  from  the  constancy  of  a  particle's  magnetic  moment 
and  total  energy.  The  total  energy  of  a  non-relativistic  particle  of  mass  m  and 
charge  q  moving  with  a  velocity  v  in  combined  magnetic  and  electric  fields  is 


e  =  l/2mv„“+uB  +  q# 


(11) 


where  $  is  the  electrical  potential.  The  component  of  force  exerted  along  B  is 


dv 

dF 


ii  _ 


3B 


=  _uds  -  qas 


(12) 


The  second  term  on  the  right-hand  side  of  Eq.  (12)  is  due  to  field-aligned  electric 

field  components  that  are  discussed  regarding  auroral  arc  formation.  The  first 

term  on  the  right  hand  side  of  Eq.  (12)  is  the  magnetic  mirror  force.  A  particle 

at  the  magnetic  equator  (s  =  0)  with  pitch  angle  a  can  move  earthward  along  B 

eH 

until  its  pitch  angle  reaches  90  (v„  =  v  cos  a  =  0).  At  this  point,  it  is  reflected  bv 

the  mirror  force  toward  the  magnetic  equator.  The  strength  of  the  magnetic  field 
at  the  mirror  point  is  designated  B.  .  The  total  kinetic  energy  of  a  particle  at  its 
mirror  point  is  l/2mv  =  jB^.  Since,  in  general,  u  =  l/2mv  (sin^  a)/B,  the  mag¬ 
netic  mirroring  condition,  in  the  absence  of  E  ,  is  often  written 

li 

sin  i  =  B/  Bm  .  (19) 

The  line  integration  for  the  longitudinal  invariant  proceeds  from  the  magnetic  equa¬ 
tor  to  the  mirror  distance  s^j. 

The  notion  of  guiding  center  motion  is  more  general  than  that  of  adiabatic  motion. 
T  nder  many  circumstances,  charged  particle  motions  are  well -approximated  by 
superpositions  of  motions  of  guiding  centers  and  gvrational  motion  about  the  guiding 
center.  For  example,  in  a  uniform  magnetic  field,  tbe  equation  of  motion 


describes  a  particle  that  gyrates  with  a  circular  frequency  0  =  qB/ m  about  a  field 
line,  and  moves  along  the  field  line  (its  guiding  center)  with  a  constant  velocity. 

In  the  presence  of  an  external  force  field  F  that  is  perpendicular  to  B,  the  equation 
of  motion 


m^  =  q(vxB)+F  (15) 

can  be  reduced  to  the  form  of  Eq.  (14)  by  transforming  to  a  coordinate  system 
moving  with  a  drift  velocity 


(16) 


In  this  frame  of  reference,  the  motion  of  the  particle  about  B  is  purely  gyrational. 

The  most  important  drifts  within  the  magnetosphere  are  caused  by  electric 
fields. 


i:  x  B 

ir 


(16) 


(17) 


(18) 


where  U  is  the  magnetic  field  line  radius -of -curvature  vector.  \ote  that  1'  ^  and 
V(,  depend  on  both  the  particle's  energy  and  charge;  V  ^ .  depends  on  neither.  Protons 
(electrons)  gradient  and  curvature  drift  toward  the  west  (east).  In  the  nearly 
dipolar  part  of  the  inner  plasma  sheet,  V^,  and  \~r  are  of  comparable  magnitudes. 
Due  to  sharp  magnetic  field  line  curvature  across  the  neutral  sheet  "»  in 
hi"  m:\gnetotail. 


With  the  expressions  for  the  adiabatic  invariants  [Eqs.  (8)  and  (9)],  and  guid¬ 
ing  center  drifts  '  Eqs.  (18),  (17),  and  (18)],  we  may  understand:  (1)  the  adiabatic 
heating  of  magnetospheric  plasma,  (3)  the  existence  of  a  ring  current,  and  (3)  the 
position  of  the  inner  boundary  of  the  plasma  sheet, 

Both  the  viscous  interaction  and  the  magnetic  merging  models  require  that 
particles  in  the  nightside  plasma  sheet  be  "adiabatically "  heated  as  they  convect 

earthward  under  the  influence  of  a  dawn-to-dusk  electric  field.  In  this  motion, 

.  o 

each  particle's  magnetic  moment  1/2  m  v  ~/B  is  a  constant.  Consider  a  particle 
mirroring  in  the  equatorial  plane,  .T  =  0  [  Eq.  (9)J,  \s  it  drifts  from,  say,  30  R^, 
in  t he  magnetotail  where  B  ~  20  nT,  to  a  distance  of  6  Rp  where  B  ~  140  nT,  its 
kinetic  energy-  must  increase  sevenfold.  Particles  with  J  *  0  gain  kinetic  energy, 
not  onlv  from  the  conservation  of  j,  but  also  from  the  apparent  motion  of  magnetic 
mirror  points  (conservation  of  ,T).  In  moving  from  equatorial  crossings  of  30  Rp 
to  8  particles  find  themselves  on  shorter  and  shorter  field  lines.  Since  <&p  ds 
must  be  a  constant,  p  must  increase  as  particles  convect  earthward. 

From  the  conservation  of  energy,  it  is  seen  that  an  increase  in  particle  kinetic 
energy  must  be  due  to  a  decrease  in  potential  energy.  The  potential  energy  is 
electrical.  That  is. 


(:  <V':> 


The  brackets  in  Kq.  (19)  are  used  to  represent  time  averaging  over  a  gvroperiod, 
and  Vf)  is  the  total  drift  velocity.  Since  Vf.  is  perpendicular  to  E,  only  V ^  and 
V(.  contribute.  Hines'1'*  lias  shown  that  the  energy  gained  by  "adiabatically  com- 
pre -sing"  a  magnetosplieric  plasma  is  equivalent  to  the  kinetic  energy  gained  by 
gradient  and  curvature  drifting  ir.  the  direction  of  an  electrostatic  potential  gradient. 

(inkling  center  motion  is  the  simplest  basis  for  understanding  the  earth's  ring 
current.  I  ho  existence  of  a  westward  current  encircling  the  earth  can  he  inferred 
directly  from  decreases  in  surface  values  of  the  horizontal  component  of  the  earth's 
field  during  the  main  and  recovery  phases  of  magnetic  storms.  The  general  expres¬ 
sion  for  current  density  is  given  by  a  sum  over  plasma  species 


'V  "'a  vf)cr 


3  1.  Hines,  C.  O.  (1983)  The  energization  of  plasma  in  the  magnetosphere;  Hydro ■ 
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Assuming,  for  simplicity,  that  the  ring  current  is  made  up  of  a  single  ion  species 
(H+),  then  the  current  density  is 

Tr  =  nq  <VD.  -  VDe)  .  (20) 

Since  is  independent  of  charge,  only  and  contribute  to  Eq.  (20).  Recall 
that  for  protons  (electrons),  and  are  westwards  (eastwards).  In  an  equiva¬ 
lent  fluid  description,  jR  is  driven  by  magnetospheric  pressure  gradients.  During 
the  main  phases  of  magnetic  storms  and  the  expansion  phases  of  substorms,  parti¬ 
cles  are  energized  and  injected  into  the  inner  magnetosphere  by  intense  electric 
fields.  With  the  onset  of  recovery  phases,  the  electric  fields  decrease  in  intensity 
and/or  are  shielded  from  the  inner  magnetosphere.  Injected  particles  find  them¬ 
selves  on  closed,  stably  trapped  orbits  in  which  they  gradient  and  curvature  drift 
around  the  earth.  During  recovery,  these  particles  are  slowly  removed  from  the 
ring  current  by  precipitation,  or  by  charge  exchange  with  low-energy  neutrals. 

The  position  and  shape  of  the  inner  edge  of  the  plasma  sheet  is  determined  hv 
the  drift  motions  of  plasma  sheet  particles.  YR  decomposes  into  drifts  due  to 
"convective"  (Yg^)  and  "corotational  "  (Yg.)  electric  fields.  In  the  following  dis¬ 
cussion,  we  use  the  symbols  1'^  to  represent  the  "convective"  electric  field  im¬ 
posed  by  the  solar  wind  on  the  magnetosphere,  and  E.  to  represent  the  corotation 
electric  field.  The  direction  of  Yg„  is  eastward  for  all  particles.  For  simplicitv, 
let  us  consider  the  drift  motions  of  charged  particles  having  pitch  angles  in  the 
equatorial  plane  of  002 .  Conservation  of  energy  ]  Eq.  (11)]  immediately  tells  us 
that  colrl  (..  -0)  particles  are  constrained  to  E  x  B  drift  along  equipotentials. 

I ’articles  with  non-zero  „  drift  along  surfaces  of  constant  (q<f>  j  B). 

In  the  magnetotail,  particles  predominantly  drift  earthward  under  the  influence 
of  a  dawn-to-dusk  E  fie'd.  \s  the'r  approach  the  earth,  electrons  acquire  significant 
eastward  drifts  due  to  both  Y^.  and  Yg„.  Since  both  of  these  drifts  are  eastward, 
cold  electrons,  with  Y  .  =  0,  drift  closer  to  the  earth  before  their  eastward  drifts 
dominate  over  their  earthward  drifts.  For  this  reason,  outbound  satellites  en- 
counter  cold  electrons  before  hot  electrons  at  the  plasma  sheet's  inner  edge. 

The  houndarv  between  cold  electrons  that  drift  along  equinotentials  from  the 
tail  and  those  that  corotate  on  closed  trajectories  is  called  the  zero  energy 
\lfven  laver,  or  the  inner  houndarv  of  the  plasma  sheet.  Coder  steadv  convective 
electric  field  conditions,  cold  electrons  that  drift  in  from  Hie  magnetotail,  without 
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precipitating,  eventually  cross  the  dayside  magnetopause.  Thus,  the  inner  bound¬ 
ary  of  the  plasma  sheet  is  the  boundary  between  closed  (corotation  dominated)  and 
open  (convection  dominated)  equipotentials. 

Before  calculating  the  shape  of  the  last  closed  equipotential,  we  note  that  for 
protons,  Vp  and  Vp>  are  oppositely  directed.  This  leads  to  more  complex  drift 
paths  for  protons  than  electrons.  Protons  with  u  /  0  can  drift  earthward  of  the 
zero-energy  Alfven  boundary  in  the  evening  local  time  sector.  The  different  drift 
paths  of  protons  and  electrons  eventually  lead  to  the  buildup  of  polarization  elec¬ 
tric  fields  near  the  inner  edge  of  the  plasma  sheet.  The  main  effects  of  the  polari¬ 
zation  field  are  to  shield  E^  from  the  inner  magnetosphere,  and  to  distort  its  dawn- 
to-dusk  orientation  in  the  plasma  sheet. 

■\s  a  function  of  distance  R,  and  local  time  j,  in  the  equatorial  plane  of  the 
magnetosphere,  the  form  of  the  electric  potential  is 


$ (R,  ;)  =  - 


-:.n  r  .  , 

yp-t-  +  C  R  sin  a 


(21) 
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where  =  7.2  x  10  '  sec  is  the  angular  spin  velocity  of  the  earth,  C  is  a  constant 


to  be  determined,  and  y  is  a  parameter  that  reflects  the  level  of  electrical  shielding. 
The  case  y  =  1  corresponds  to  a  uniform,  dawn-to-dusk  that  completely  pene¬ 
trates  the  inner  magnetosphere.  Best  empirical  values  of  y  are  in  the  range  of  2 
to  3^6,37  The  value  of  C  is  determined  by  noting  that  E„  is  directed  radially  in¬ 
ward,  and  E  is  mostly  in  the  Yg^  direction.  In  the  dusk  sector,  E„  and  E^  are 
oppositely  directed.  Depending  on  the  strength  of  E^,  there  is  a  stagnation  point 
along  the  lflOO  ET  (c  =  2-/2)  axis  of  symmetry  where  the  two  fields  exactly  cancel. 


TfT 


/ 


=  o 


(22) 


R  =  R 
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Substitution  of  Eq.  (21)  into  Eq.  (22)  gives 
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C 


B  R  • 
o  E 


(23) 
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(v  +  1) 
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Thus 


<ML,@)  =  - 


•‘RoRe‘ 


L.o  T  ' 

[(  S  }  _v 
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sin  ®] 


(24) 


where  we  have  made  the  substitution  E  =  R/R^,  and  Eg  =  Rg/Rp,.  The  common  term 
n  R  Rp^  is  ~  90  kV.  The  potential  of  the  stagnation  point  is 

*  (LS*  =  "  t|  C  1  +  l/v]  kV  *  (25) 

Since  along  the  t  -  3^/2  line  Ep  <  (>>  E„  for  E  <  (>)  Eg,  Eq.  (25)  gives  the  potential 
of  the  zero-energy  Alfven  boundary.  Ry  setting  the  term  in  brackets  on  the  right- 
hand  side  of  Eq.  (24)  equal  to  [  1  +  l/v],  we  arrive  at  ttfe  equation  for  the  zero- 
energy  Alfven  boundary  in  the  equatorial  plane  as  a  function  of  distance  from  the 
center  of  the  earth  (E^)  and  local  time 


T  V  +  1  \\ 

/  '  A '  sin  ;  +  (.  +  1)  ~  -  v  =  0 

\T^V  |js 


(25) 


Soutlnvood  and  Kaye 
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have  shown  that  to  an  excellent  approximation 


r,A  .  T.s/(1  +X_£l)  (27) 

where  S  =  |  cos  - — ^ — —  |  •  The  solution  is  exact  when  v  =1.  Eigure  11  shows 
that  the  shape  of  the  last  equipotential  varies  from  an  elongated  teardrop  for  v  =  1, 
to  a  circle  for  v  =  ».  Note  that  Eqs.  (26)  or  (27)  only  allow  calculations  of  the 
shape,  but  not  the  distance  to  the  Alfven  boundary.  Eg  depends  on  Dp,  which  varies 
with  conditions  in  the  solar  wind,  and  with  the  level  of  magnetic  aetivitv.  It  is 
convenient  to  defer  further  comment  on  the  Alfven  boundary  until  we  have  discussed 
its  ionospheric  projection,  the  equatorward  boundary  of  diffuse  auroral  precipitation. 


9.2  I'ilcli  Anjllr  Difiusion  <>l  Plasimi  Sliccl  I’arlic  lcs 

The  final  topic  to  be  considered  under  the  heading  of  general  magnetospheric 
processes  is  particle  precipitation.  To  anticipate  our  discussion  of  the  ionosphere. 


36.  Southwood,  D.  J. ,  and  Kaye,  S.  M.  (1079)  Drift  houndarv  approximations 
in  simple  magnetospheric  convection  models,  .1.  Eeophvs.  Res.  1(1:5773. 


Figure  11.  Shapes  of  Fast  Closer!  Fqui potential  for  Various  Values  of  v' 

we  note  that  instrumentation  on  satellites  passing  through  the  diffuse  auroral  iono¬ 
sphere  measures  fluxes  of  electrons  and  protons  that  are  isotropic  over  the  down¬ 
coming  hemisphere.  The  continuous  precipitation  of  plasma  sheet  electrons  and 
protons  into  the  auroral  ionosphere  cannot  be  explained  in  terms  of  the  individual 
particle  model  that  we  have  been  using.  The  problem  is  illustrated  simply  in 
Figure  12,  where  we  sketch  sequential  isocontours  of  particle  distribution  functions 
in  the  magnetospheric  equatorial  plane.  Figure  12a  represents  an  isotropic  popu¬ 
lation  at  some  initial  time.  Particles  with  a  90°  (v  ^  0)  move  along  field  lines 
toward  their  mirror  points.  If  their  mirror  points  are  sufficiently  deep  in  the  at¬ 
mosphere,  typically  altitudes  <  200  km,  the  particles  are  lost.  Otherwise  they 
return  to  the  magnetosphere.  If  we  designate  the  strength  of  the  magnetic  field  at 


an  altitude  of  200  km  as  R(200),  then  Eq.  (13)  shows  that  particles  initially  with 
equatorial  pitch  angles 

'eq  '1.  =  sin  L  11(200)  J 

are  lost  after  a  few  bounce  periods.  Such  particles  are  said  to  be  in  the  atmospheric 
loss  cone.  For  plasma  sheet  particles,  ciy  is  ~  2°.  Figure  12b  shows  the  distribu¬ 
tion  after  several  bounce  periods  as  made  up  of  the  initial  population  minus  an  empty 
loss  cone.  Particle  motion  that  conserves  a  and  J  allows  no  further  loss. 


Figure  12.  Isocontours  of  Distribution  Functions  With  (a)  Isotropic  and  fb)  Doss 
Cone  Distributions 


Kennell  and  Petschek'  pointed  out  that  above  certain  particle  flux  levels, 
loss  cone  distribution  functions  such  as  shown  in  Figure  12b  are  unstable  to  the 
growth  of  whistler  waves.  The  waves  grow  in  energy  by  causing  particles  to  dif¬ 
fuse  into  the  loss  cone.  To  produce  strong  pitch -angle  diffusion,  that  is,  maintain 
isotropy  over  the  loss  cone,  a  resonant  condition  must  be  fulfilled.  Resonant 
scattering  occurs  for  particles  whose  energy  is  equal  to  that  of  the  magnetic  energy 
per  particle 


Res 


(29) 


3f).  Kennel,  C.  F.,  and  Petschek,  Tl.  F.  (infifi)  T.imit  on  stably  trapped  particle 
fluxes,  -T.  C.eophvs.  Res.  71:1. 


This  model  successfully  explains  flux  limits  observed  for  stably  trapped  ring  cur¬ 
rent  particles.  The  requirement  for  resonant  pitch-angle  diffusion  given  in  Eq.  (29) 

was  empirically  verified  by  observations  of  the  proton  ring  current  from  Explorer  45 
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during  the  magnetic  storm  of  December  1971. 

An  examination  of  the  resonance  condition  given  in  Eq.  (29)  shows  that  a  whistler 
mode  instability  cannot  be  responsible  for  strong  pitch-angle  scattering  in  the  plasma 
sheet.  At  geostationary  altitude  (6.  7  R„)  in  the  plasma  sheet,  B  ~  100  nT  and  n  ~ 
l/cm'  .  This  gives  a  magnetic  field  energy  density  in  eV/cm  of  2.  5  R“(nT).  A 
resonant  energy  of  ~  25  keV  is  well  i  excess  of  mean  thermal  energies  for  either 
electrons  or  protons  in  the  plasma  sheet. 

Realizing  that  whistler  mode  interactions  could  not  explain  the  isotropic  preci¬ 
pitation  of  plasma  sheet  particles,  investigators  in  the  1970s  concentrated  on  sources 
of  electrostatic  wave  energy.  There  are  two  important  developments  from  the  decade 
of  which  we  take  note.  The  first  concerns  direct  observations  of  broadband  electro¬ 
static  noise  all  along  magnetic  field  lines  connecting  the  auroral  ionosphere  to  the 
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equatorial  plasma  sheet.  The  amplitudes  of  observed  waves  are  of  sufficient 
intensity  to  drive  strong  pitch-angle  scattering.  The  second  development  concerns 
the  theoretical  recognition  of  the  role  played  by  cold  plasma  for  making  available 
free  energy  contained  in  anisotropic  pitch-angle  distributions.  Told  plasma,  of 
ionospheric  origin,  in  the  plasma  sheet  can  produce  velocity  space  gradients  in  the 

total  distribution  functions  (?  f/3  v  >  0)  that  are  unstable  to  the  growth  of  (\  +  1  / 2) 
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electron  cyclotron  waves,  “  and  lower  hybrid  ion  waves.  '  Numerical  studies  show 
that  such  waves  are  unstable  over  restricted  ranges  of  parameter  space.  Measuring 
low  density,  cold  plasma  embedded  in  a  hot  plasma  sheet  is  experimentallv  difficult. 

\  successful  measurement  of  the  cold  plasma  component  will  be  a  critical  require¬ 
ment  for  future  understanding  of  plasma  sheet  processes. 


40.  Williams,  1).  .T.,  and  I.vons,  1.,  R.  (1074)  The  proton  ring  current  and  its 

interactions  with  the  plasmapause:  storm  recovery  phase,  J.  (leophvs. 
Res.  79:4195.  ~ 

41.  (iurnett,  D.  \.,  and  Frank,  F.  \.  1 10?")  \  region  of  intense  plasma  wave 

turbulence  on  auroral  field  lines,  .T,  (leophvs.  Res.  112:1021. 


42.  Young,  T.  S.  T.,  Caller.,  .T.  O.,  and  McCune,  ,T.  F,  (l'tpql  High  frequence 
electrostatic  waves  in  the  magnetosphere,  .1.  (leophvs.  Res.  711:1022. 

42,  Ashour-  \bdalla,  M.,  and  Thorne,  R.  M.  (T’Tfl)  Toward  a  unified  view  of 
diffuse  auroral  precipitation,  d.  (leophvs.  Res.  112:4755. 


4.  ELECTRICAL  COUPLING  OF  THE  MAGNETOSPHERE  AND  IONOSPHERE 


Before  discussing  the  electrodynamics  of  the  high-latitude  ionosphere,  it  is  use- 
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ful  to  review  briefly  the  theory  of  magnetosphere-ionosphere  coupling.  Vasyliunas 
has  developed  a  theoretical  model  that  illustrates  the  physical  laws  describing  how 
magnetospheric  convection  couples  with  the  ionosphere.  The  model  is  presented 
in  Figure  13  in  the  form  of  a  closed  loop  of  equations  (straight  lines),  and  of  quanti¬ 
ties  to  be  determined  (boxes).  External  sources  of  particles,  cross-magnetospheric 
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3  1 


J 

i 

* 


! 


r 


potentials,  neutral  winds  in  the  ionosphere,  and  so  forth,  are  imposed  boundary 
conditions.  Because  the  loop  of  equations  is  self-consistently  closed,  it  can  be 
entered  at  any  point.  Let  us  assume  that  we  have  an  initial  idea  about  the  distri¬ 
bution  of  magnetospheric  electric  fields  and  particles. 

(a)  First  link:  with  knowledge  of  the  electric  field,  we  calculate  the  motion 
and  distribution  of  protons  and  electrons  in  the  magnetosphere,  and,  hence,  the 
total  plasma  pressure  at  any  point: 

(b)  Second  link:  from  the  plasma  pressure  gradients  we  calculate  the  com¬ 
ponents  of  the  electric  current  perpendicular  to  the  magnetic  field.  That  is,  from 
the  force  balance  equation 


we  calculate 


(31) 


For  simplicity,  we  have  assumed  that  the  pressure  is  isotropic. 

(c)  Third  link:  bv  calculating  the  divergence  of  the  perpendicular  current,  and 
averaging  over  each  flux  tube,  we  obtain  (j  )  the  field-aligned  currents  flowing 
between  the  magnetosphere  and  the  ionosphere. 


_  (Jjl)  =  .  1  *  .lx 

C  -  '  IF  B 


(3?) 


(d)  Fourth  link:  from  the  requirement  that  these  field-aligned  currents  be 
closed  by  perpendicular  ohmic  currents  in  the  ionosphere,  we  obtain  the  configura¬ 
tion  of  the  electric  field  in  the  ionosphere.  The  continuity  of  ionospheric  current 
requires  that 


i  sin/ 


(33) 


where  I  is  the  height  integrated  current  and  x  the  inclination  of  magnetic  field  lines. 
In  the  ionosphere 

I  =  •  (F  +  V  x  B)  (34) 

-  n 
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where  _  is  the  height  integrated  conductivity  tensor  and  Vn  is  the  neutral  wind 
velocity. 

(e)  Fifth  and  final  link:  the  ionospheric  electric  field  can  he  mapped  into  the 
magnetosphere,  and  the  requirement  that  it  agree  with  the  magnetospheric  electric 
field  assumed  at  the  outset  determines  the  field,  and  thus  closes  the  system  of 
equations.  Fxcept  near  discrete  arcs,  the  mapping  may  he  done  by  assuming  that 
magnetic  field  lines  are  equi potentials.  There  is  empirical  evidence  suggesting 
a  functional  relationship  between  i  in  discrete  arcs  and  field-aligned  potential 

drops.  *  ‘  We  note  in  passing  that  the  Tlice  T’niversitv  group  has  successfully  simu- 
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luted  tlie  ionospheric  features  of  a  magnetospherie  substorm  using  this  model.  ' 
From  Fqs,  fin)  and  (34)  it  is  clear  that  measurements  of  F  and  j  are  critical 
for  understanding  the  magnetosphere-ionosphere  circuit.  Measurements  of  precip¬ 
itating  particle  fluxes  are  neederl  to  (1)  understand  spatial  variation  in  _,  (2)  iden¬ 
tify  the  dominant  carriers  of  j  ,  (3)  calculate  field-aligned  potential  drops,  and 
(I)  help  distinguish  between  topologically  different  regions. 


,V  lilt. II  I  Mill  III  I  I.M.IIIK  I  II  I.I1S 

Flertrie  field.,  at  ionospheric  altitudes  are  measured  from  potential  differences 

between  the  end  -  of  extended  booms  on  satellites^"  and  from  the  F  ■■  li  drifts  of 
1 0 

cold  pla  •:■:!.  In  orinciple,  i  can  be  determined  from  particle  fluxes.  With 
pro  out  technologv ,  full  distribution  functions  of  ions  and  electrons  cannot  be 
i.  ■  ■  paired  with  efficient  accuracy  .  For  this  reason,  highly  sensitive  tri axial 
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fluxgate  magnetometers'’*^  are  used  to  determine  i  from  magnetic  deflections. 
Particle  fluxes,  in  approximately  the  energy  range  10  eV  to  30  keV,  are  measured 
by  means  of  continuous  channel  electron  multipliers  (channeltrons)  placed  behind 
electrostatic  energy-analyzers. 

It  is  useful  to  explain  the  format  of  high-latitude  data  presented  in  the  following 
subsections  by  providing  an  example  of  the  simplest  kinds  of  electric  fields  and 
magnetic  field  deflections  expected  to  be  measured  by  instrumentation  on  a  polar- 
orbiting  satellite.  Figure  14a  shows  the  traiectory  of  a  satellite  in  circular  polar 
orbit  with  the  ascending  node  at  the  dusk  (1800  I.T)  meridian.  We  define  a  satellite 
centered  coordinate  system;  ^  is  positive  along  the  satellite  velocity;  is  positive 

A 

toward  local  nadir;  Y  completes  the  right-hand  system.  Tn  the  dawn-dusk  meridian, 

Y  is  positive  in  the  antisunward  direction.  \t  high  latitudes  in  the  northern  (southern) 
h  misphere,  we  approximate  Has  being  along  the  +(-)  /.  axis.  Figure  14a  also  shows 
dusk-to-dawn  electric  fields  in  the  auroral  ovals,  and  uniform  dawn-to-dusk  electric 
fields  across  the  polar  caps.  The  convective  electric  field  reverses  directions  near 
the  poleward  boundary  of  the  auroral  oval,  and  goes  to  zero  at  the  equatorward 
boundary. 

The  governing  equations  are  current  continuity  3  Fq.  (88)  ,  Ohm's  law  '  Kn.  (14) 
and  the  Maxwell  equation 


In  the  infinite  current  sheet  approximation,  these  equations  ">av  be  combined  to 
eliminate  i  ,  and  reduce*  to 


=  n 


(in) 


where  '  H  is  the  deflection  of  the  magnetic  field  h:e  to  i  ,  and  is  the  height - 
‘  -(f  p 

integrated  Pedersen  conductivity.  *  lixcent  near  local  noon  at  the  davside  cusp, 

and  near  local  midnight  at  the  Parang  discontinuity  where  there  are  significant 


"O.  Xm  strong,  4.,  and  /.muda,  \.  -T.  ( 1 ' 1 T *1 '  Tri axial  — iffnetie  ’measurements  of 
field  aligned  currents  at  inn  ;-m  in  the  mroral  re  don;  initial  results, 

■T.  fieophvs.  Res.  7Jt  tHHOP. 

11.  Frank,  I  ,  n°d7)  Initial  observations  of  low-energv  electrons  in  the  earth's 

magnetosphere  with  C  w.O-3,  .1.  Meophvs.  Tfps.  72:18*.. 

*2.  Snidda,  M. ,  liurke,  W.  ,T. ,  Kelley,  M.  Saflekos,  Y. ,  Cnssenhnven, 

M.  S. ,  Hardy,  I).  \.,  and  Rich,  F.  -T.  (logo)  Fffects  of  high  i  eu  .  i. 
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Figure  14.  (a)  Field -Aligned  Currents  and  Flectric  Fields  as  Seen  by  a  Polar- 

( irbiting  Satellite  in  the  Dawn-Dusk  Meridian.  Hi)  Idealized  Flectric  Field  and 
Magnetic  Perturbation  Measurements 


divergences  of  the  ionospheric  llall  current,  ’  lip.  (38)  is  a  verv  useful  approxi¬ 
mation.  It  tells  us  that  for  a  uniformly  conducting  ionosphere,  fluctuations  in  the 
transverse  magnetic  field  component  should  track  variations  in  the  meridional  com¬ 
ponent  of  the  electric  field.  Deviations  from  correlated  variations  are  due  to  the 


>3.  Rostoker,  C.  (1480)  Magnetospheric  and  ionospheric  currents  in  the  polar 
cap  and  their  dependence  on  the  liy  component  of  the  interplanetary-  mae- 
netic  field,  -T.  Ceophys.  Res.  1 87. 
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presence  of  conductivity  gradients.  Figure  14b  is  a  plot  of  and  ARy  expected 
over  a  full  orbit  assuming  a  uniform  ionospheric  conductivity.  Positive  (negative) 
slopes  in  A  By  correspond  to  regions  of  current  into  (out  of)  the  ionosphere.  Thus, 
due  to  the  divergence  of  ionospheric  Pedersen  currents,  a  field-aligned  current 
(FAC)  should  flow  into  the  ionosphere  at  the  equatorward  boundary  of  the  dusk-side 
oval  and  out  at  the  poleward  boundary.  The  morning  side  oval  currents  have  the 
opposite  polarity.  Lf  there  are  significant  Pedersen  currents  across  the  polar  cap, 
the  poleward  FAC  system  should  be  of  greater  intensity  than  the  equatorward  system 
In  the  following  subsections,  ARy  is  given  as  a  function  of  time  rather  than  dis¬ 
tance.  Since  satellites  at  ionospheric  altitudes  travel  at  speeds  of  ~  7  km/sec, 

Eq.  (35)  can  be  transformed  to  give  a  convenient  expression  for  i 


j  =  0.  m  ’  v 


y  \  i  .  (nT) 
3  t(sec) 


(37) 


•u  \  fl,  i 

\  current  of  1  —  corresponds  to  a  locally  unbalanced  flux  of  -  10  /cm"  sec. 


Finally,  in  both  the  polar  cap  and  the  auroral  oval  we  refer  to  small-  and 
large-scale  structures.  Small-scale  structures  have  latitudinal  dimensions  of  a 
few  tens  of  kilometers  or  less.  They  are  traversed  bv  satellites  in  a  few  seconds. 
Discrete  arcs  and  inverted-Vs  are  examples  of  small-scale  structures.  T.arge- 
scale  systems  have  latitudinal  dimensions  greater  than  100  km.  The  F  field  and 
field-aligned  current  systems  shown  in  Figure  14b  are  of  large  scale. 


<>.  1*01  ' ''  C  \l*  I.I.M.I  KOID  \  WIICS 

This  section  treats  three  topics:  (1)  large-scale  electric  field  patterns, 
(2)  electron  precipitation  morphologies,  and  (3)  characteristics  of  discrete, 
sun-aligned  arcs  in  the  polar  cap.  Here  we  use  the  term  "polar  cap’  to 
designate  the  portion  of  the  hi gh -latitude  ionosphere  containing  onlv  open  mag¬ 
netic  field  lines.  Precipitating  particles  in  these  field  lines  should  be  of 
direct  magneto-heath  origin.  Except  possible  during  periods  of  northward 
interplanetary  magnetic  field,  cold  ionosphet  .  ■  plasma  should  convert  in  the 
anti  sunward  direction  under  the  influence  of  a  dnwn-to-dusk  electric  field. 


6.1  l,ai  40  Scale  Electric  Field  Patterns 

Table  1  lists  the  six  polar  orbiting  satellites  launched  to  date  that  were  capa¬ 
ble  of  measuring  ionospheric  electric  fields.  Data  from  the  double-probe  experiment 


Table  1.  Satellites  Capable  of  Measuring  Electric  Fields 


SATELL_ITE 

LAUNCH  D_ATE 

INCLINATION 

INITIAL 

APOGEE  (km) 

TYPE 

INSTRUMENT 

Injun  5 

Aug  1968 

81° 

2550 

double 

probe 

0G0-6 

June  1969 

82° 

1600 

doubl e 
probe 

AE-C 

Dec  1973 

68° 

4000 

dri  ft 
meter 

AE-D 

Oct  1975 

90° 

4000 

dri  ft 
meter 

S3 -2 

Dec  1975 

96° 

1550 

double 

probe 

S3- 3 

Aug  1976 

98° 

8050 

double 

probe 


on  Jniun  5  confirmed  the  existence  of  convective  reversals  near  the  poleward  bound¬ 
aries  of  the  auroral  oval.  \n  inclination  of  HR'  allowed  the  Atmospheric  Explorer 
f\E)-C  Iriftmeter  to  measure  convective  drifts  in  the  oval,  but  usually  r.'»  in  the 
polar  cap.  The  \E-D  satellite  had  an  inclination  of  00°,  but  failed  about  four  months 
after  launch.  Initially,  the  orbit  was  close  to  the  noon-midnight  meridian;  it 
'h-n  prere-sed  toward  dawn-dusk.  Because  of  the  high  altitude  of  S3-R,  its  apogee 
iat  i  have  been  most  useful  for  idem  Tying  the  small-scale  features  of  auroral  arc 
and  inverted-V  phenomena.  The  OfJO-fi  and  SR-2  satellites  spent  sufficient  periods 
f  time  near  the  dawn-dusk  meridian  to  identify  the  main  large-scale  features  of 
p'd  '.r-nn  convection, 

I' wo  maimnltm  of  I',  measured  by  OGO-fl  at  northern  fsummerl  liigh  latitudes 
•  :t*e  given  in  Figure  15.  Except  for  small-scale  variations,  the  main  features  of 
the  t-xpectod  I  patterns  are  found  in  the  auroral  oval.  The  example  in  the  top 
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Figure  1"),  Two  Examples  of  T.arge-Scale  Electric  Fields  Measured  by  000-6 

trace  is  consistent  with  a  uniform  dawn-to-dusk  electric  field  across  the  polar  cap. 
Fn  the  bottom  trace,  Kv  has  relatively  high  flow!  values  near  the  morning  (evening) 
flank  of  the  polar  cap. 

\  simplified  summary  of  large-scale  electric  field  patterns  identified  by 
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ELECTRIC  FIELD  PATTERNS  OGO-6 


Figure  1  .  Typos  of  Flectric  Field  Patterns  Observed  by  000-6,  and  Their 
Dependence  on  the  interplanetary  Magnetic  Field  By  and  Ry 


During  the  last  three  months  of  1676,  the  S3-2  orbit  was  close  to  the  dawn-dusk 
meridian.  Figure  17  is  a  scatter  plot  of  Heppner's  patterns  observed  in  S3-2  data 
as  a  function  of  IMF  ligand  By.  It  is  seen  that  \  and  B  types  are  found  only  when 
By  0,  For  both  000-6  and  S3 -2,  \  types  are  only  found  in  the  summer  hemi¬ 
sphere,  and  are  associated  with  tiie  IMF  polarity  that  tends  to  produce  strong  F 
fields  along  the  evening  flank  of  the  polar  cap.  The  occurrence  ratio  of  \  to  B 
was  2:1  in  S3-2  data;  the  \  to  I)  ratio  was  3:1  in  .Tune  1669,  000-6  data.  The 
dependence  of  I)  types  on  By  (upper  right  plot)  agrees  with  000-6.  The  type  F 
patterns  were  found  when  By  ~  0.  The  distribution  of  B,  I"),  and  F  patterns  tends 
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Figure  17.  Scatter  Plot  of  Convective  Electric  Fielrl  Patterns  Observed  hv  S3 -2 
as  a  Function  of  IMF  B^.  and  B^. 


to  confirm  the  critical  role  of  li^.,  11  \  survey  of  S3-2  measurements  shows  that 

\,  II,  I),  anti  F  types  are  found  when  By  <  0.  a  nT.  Typo  T  shows  no  correlation 
with  B^-  or  11^. .  The  highly  irregular  electric  fields  are  found  onlv  when  By  '■  0. 
Type  I  patterns  are  discussed  further  in  connection  with  polar-cap  arcs. 

\n  example  of  an  F-field  pattern  tliat  was  found  in  approximatolv  half  of  the 
summar  polar-cap  passes  of  S3 -2,  when  By  •  0.7  nT,  is  shown  in  Figure  l.'l. 
During  the  S3-2  Rev  3213  southern  hi  eh -latitude  pass  By  was  measured  as  4.°  nT 
\s  expected  for  driving  sunward  convection  in  the  auroral  oval,  Fv  was  directed 
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northward  B7  is  consistent  with  ground  magnetometer'  and  laboratory  simula- 
59 

tion'  results. 

The  cross-polar-cap  potential  £4pC  can  be  derived  from  satellite  electric  field 

measurements,  and  is  an  important  parameter  for  magnetospheric  modeling.  This 

potential  (in  volts)  gives  the  rate  (in  webers/ sec)  that  magnetic  flux  is  transferred 

from  the  day  to  the  night  side  of  the  magnetosphere.  Rased  on  two  weeks  of  OGO-fi 

data,  Heppner  lU  found  that  the  average  A4pC  increased  from  20  to  100  kV  as  the 

magnetic  index  Kp  increased  from  0  to  6.  There  were  individual  cases  in  which 

;4  significantly  exceeded  100  kV. 

Pc  ri 

Reiff  et  al.  analyzed  92  measurements  of  £4  from  AE-C  and  AE-D  as  a 

pc 

function  of  various  solar  wind  and  IMF  parameters.  To  calculate  merging  rates 
that  account  for  compression  of  the  IMF  in  the  magnetosheath,  the  value  of  R  at 
t he  magnetopause  was  set  at  the  lesser  of  B  times  its  solar  wind  value,  or  80  nT. 
The  latter  value  was  taken  as  typical  of  the  earth's  field  near  the  subsolar  magneto¬ 
pause.  Although  the  best  agreement  was  found  with  theoretical  merging  rates,  a 

G  2 

high  correlation  was  found  with  Akasofu's  c-  parameter.  Figure  19  shows  that  in 

the  A  E  measurements  4  varied  from  90  to  150  kV.  This  implies  that  90  kV 

pc 

cannot  be  accounted  for  by  merging.  Such  a  potential  greatly  exceeds  the  potential 

G3 

across  the  boundary  layer  theoretically  estimated  by  Hill,  ’  and  measured  at  iono- 

5° 

spheric  altitudes  by  Smiddy  et  al.  “  The  upper  limit  of  ~  150  kV  is  much  less  than 
the  cross-magnetosphere  potential  drop  (:4SW.)  in  the  solar  wind.  With  V  =  400 
km/ sec,  and  \\.,  =  -5nT,  the  Y  component  of  the  electric  field  in  the  solar  wind  is 
2  mV/m  (  =  12.8  kV/n^).  For  a  magnetospheric  diameter  of  90  Rp,  at  the  dawn-dusk 

meridian,  .'4  =  984  kV. 
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Figure  10.  Oross-Polar-Cap  Potential  as  a  Function  of  Solar  Wind  Parameter  e 
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6.2  I’oliii  € U>|»  l’mi|iil;ili<Mi 

Particle  fluxes  into  the  polar  ionosphere  are  conveniently  divided  into  high  and 
low  energy  components.  Knergetic  particles  from  solar  flares  can  seriously  dis¬ 
rupt  the  polar  ionosphere;  these  are  important  during  magnetic  storm  periods.  The 
flux  levels  of  low-energy  protons  in  the  polar  cap  are  below  the  sensitivity  levels  of 
existing  detectors.  Winningham  and  Ileikkila  ’  identified  three  classes  of  low- 
energy  electron  precipitation:  polar  rain,  polar  showers,  and  polar  squalls. 

Polar  rain  is  a  relatively  uniform  type  of  precipitation  that  can  fill  the  entire 
polar  cap.  Particles  have  mean  thermal  energies  of  ~  100  e\',  and  are  isotropicallv 
distributed  outside  the  atmospheric  loss  cone.  The  energy  fluxes  carried  by  these 
particles  range  from  10  to  10  erg/cm"  sec,  two  to  three  orders  of  magnitude 
less  than  typical  auroral  energy  fluxes.  The  highest  energy  fluxes  for  polar  rain 


ft  I.  Winningham,  -T.  D. ,  and  Ileikkila,  W.  -T.  f  1 107-4 )  Polar  cap  auroral  electron 
fluxes  observed  with  Isis  1,  T.  Ceopir.  s.  lies.  70:040. 
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6  5 

occur  during  periods  of  geomagnetic  activity.  '  Figure  20  is  a  plot  of  precipitating 
electron  spectra,  measured  in  the  dayside  cusp  and  in  the  polar  rain.  The  simi¬ 
larity  in  spectral  shape  suggests  that  polar  rain  particles  are  of  direct  magneto¬ 
sheath  origin.  Particle  fluxes  measured  in  the  lobes  of  the  magnetotail  indicate 


Figure  20.  Typical  Differential  Spectra  for  the  Polar  Rain  and  Cleft  Precipitation 
Observed  on  Orbit  1170  on  If,  May  1000 


00.  Meng,  ('.  -1.,  and  Kroel,  11.  W.  (1077)  Intense  uniform  precipitation  of  low- 
energy-  electrons  over  the  polar  cap,  T.  Ceophys.  Res.  8.1:2000. 
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that  polar  rain  electrons  enter  the  magnetosphere  at  a  great  distance  downstream 
from  the  earth.  The  efficiency  of  the  entry  process  is  modulated  by  the  polarity 
of  the  IMF.  Yaeger  and  Frank8^  found  that  fluxes  of  soft  electrons  in  the  northern 
lobe  of  the  tail  increased  by  more  than  an  order  of  magnitude  when  the  IMF  was  in 
an  away  <  0)  sector.  There  is  also  evidence  suggesting  a  By  influence.  Meng 
et  al.  ^  found  that  the  intensity  of  polar  rain  fluxes  is  strongest  near  the  flank  of 
the  polar  cap  along  which  convection  is  strongest. 

Polar  showers  are  characterized  by  locally  enhanced  fluxes  of  precipitating 
electrons  with  mean  energies  of  ~  1  keY.  These  electron  structures  are  embedded 
in  broader  regions  of  polar  rain.  They  are  thought  to  be  responsible  for  sun- 
aligned  arcs  in  the  polar  cap,  and  are  discussed  further  under  that  heading. 

Polar  squalls  are  described  by  Winningham  and  Heikkila  ’  as  localized,  intense 
fluxes  of  electrons  that  have  undergone  field-aligned  accelerations  of  several  kV, 
They  are  found  in  the  polar  cap  during  geomagnetic  storms.  Foster  and 
Burrows*’8'  8"  have  reported  observing  fluxes  of  electrons  into  the  polar  cap  that 
are  sp  trally  identical  to  those  found  in  polar  squalls.  These  fluxes,  however, 
were  observed  to  be  widely  and  uniformly  distributed  over  the  polar  cap.  Pike 
squall  particles,  they  were  observed  during  the  recovery  phases  of  magnetic  storms. 
These  fluxes  also  appear  to  lie  modulated  by  the  polarity  of  the  IMF,  While  intense 
fluxes  of  keY  electrons  were  measured  in  the  northern  polar  cap,  only  polar  rain 
was  detected  in  the  southern  hemisphere.  Figure  21  is  a  plot  of  particle  fluxes 
measured  in  the  polar  rain  and  extended  squalls  by  ISIS  2,  and  nearly  simultaneous 

measurements  of  electron  fluxes  in  the  magnetosheath  and  the  tail  lobe  from  YFT.N  ". 

0° 

Foster  and  Burrows  '  argue  from  the  near  isotropy  of  the  keY  particles  in  the  rtolar 
cap,  and  tae  absence  of  |<eY  electrons  in  the  magnetosheath,  that  the  electrons  were 
accelerated  along  magnetic  field  lines  at  a  great  distance  from  the  earth  in  the 
magnetosphere. 
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LOG  ELECTRON  ENERGY  (ev) 

Fisnire  21.  Differential  I'lectron  Fnergv  Spectra  Measured  in  the  T’nlar  Pap  (Solid 
Curves),  and  in  the  Tail  Fohe  and  the  Magnetosheath  (Dashed  Curves).  The  magneto 
sheath  measurement  vas  made  at  ~  12  h  on  0  March,  the  tail  lobe  measurement  at 
'  Oh  on  11  March,  the  polar  cap  measurement  at  ^  in  h  on  10  March,  and  the  polar 
rain  measurement  at  1  I  It  on  0  March.  The  polar  cap  spectra  display  a  more  or 
less  pronounced  high-energy  tail  relative  to  the  magnetosheath 2" 


0.2  Polar  Cii|i  \ns 

Investigations  of  discrete  arcs  in  the  polar  cap  have  shown  that  polar  cap  arcs 
fend  to  he  sun-aligned,  and  are  most  frequently  observed  during  periods  of  magnetic 
quieting,  when  the  IMF  has  a  northward  component.  ^  Visible  arcs  are  caused  by 
precipitating  electrons  with  energies  of  ■'  2  keV.  \nother  class  of  suhvisual  arcs 


TD.  Ismail,  S. ,  Wallis,  D.  D. ,  and  Cogger,  I..  T..  (1077)  Characteristics  of 
polar  sun-aligned  arcs,  .1.  c.eophys.  lies.  112:4711. 


are  produced  at  F-layer  altitudes  by  electrons  with  energies  of  a  few  hundred  eV. 
Here  we  illustrate  many  of  the  known  characteristics  of  polar-cap  arcs  using  data 
from  the  FS  \F  satellites  S3 -2  and  D MS P  (Defense  Meteorological  Satellite  Program). 
\t  the  times  of  interest,  both  satellites  were  in  orbits  close  to  the  dawn-dusk  meri¬ 
dian.  S3 -2  measured  F^.,  ylly  (described  above),  and  fluxes  of  electrons  with  ener¬ 
gies  between  r>0  eV  and  17  keV.  DMSP  satellites  are  three-axis  stabilized,  and  are 

in  circular,  sun-synchronous  orbit  at  an  altitude  of  040  km.  All  DMSP  satellites 

72 

are  equipped  with  scanning,  optical  imagers.  Some,  but  not  all,  are  also  equip¬ 
ped  with  spectrometers  that  look  toward  local  zenith,  and  measure  fluxes  of  elec¬ 
trons  with  energies  between  50  eV  and  20  keV. 

Figure  22  is  a  cartoon  that  represents,  in  magnetic  latitude  and  local  time, 
composites  of  visible  imagery  from  DMSP/F1  and  DMSP/F2  taken  over  the  northern 
hemisphere  during  a  period  of  magnetic  quieting  on  12  December  1°77.  Solid, 
straight  lines  give  the  portions  of  F2  trajectories  during  which  electron  data  were 
taken.  To  the  right  of  each  cartoon,  tiie  hourly  average  values  of  IMF  and  P,^, 
are  represented.  During  the  initial  period  of  southward  P,y,  the  polar  cap  was 
clear  of  visible  emissions,  and  only  uniform,  polar  rain  fluxes  wore  detected. 
\pproximatoly  one  hour  after  the  IMF  turned  northward,  sun-aligned  arcs  were 
found  in  the  polar  cap.  Polar  cap  arcs  persisted  until  the  IMF  again  turned  south¬ 
ward.  \n  hour  after  a  second  northward  turning  of  p,  arcs  returned  to  the  polar 
cap.  '  The  sun-aligned  arcs  were  embedded  in  a  region  of  high-densitv  (~  0.  1  cm  > 
polar  rain.  Within  the  arc,  the  up-looking  DMSP  spectrometer  detected  three  spec- 
tral  components,  a  cold  (100  eV)  high-densitv  (1.5  cm  )  population,  a  peaked  pri- 
marv  distribution  with  a  temperature  of  550  eV  that  had  been  accelerated  through  a 

potential  drop  of  -  750  volts,  and  a  secondary  and/or  degraded  primary  population. 

7  I 

I  lurch  et  al.  found  that  the  low-energy  component  was  highly  field-aligned  over 
polar  showers.  The  secondary  and  accelerated  primary  populations  were  nearly 
isotropic  in  pitch  angle. 

2 

Figure  23  gives  a  plot  of  F^,  •  11^.,  the  directional  flux  of  electrons  (cm-  sec 
ster)  ,  and  electron  pitch  angles  measured  during  S3-2  Rev  5231  as  functions  of 
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Figure  22.  Cartoon  Representation  of  Sequential  DMSP  High-Fatitude  Imagery  on 
12  December  1977 

invariant  latitude,  magnetic  local  time,  and  altitude.  The  pass  occurred  while  the 
satellite  was  near  apogee  over  the  north  polar  cap  where  it  passed  within  of  the 
magnetic  pole  alone  the  dawn-dusk  meridian.  The  IMF  X,  V,  and  7.  components 
were  -3.7,  3.8,  and  7.4  nT,  respectively.  Vs  compared  with  the  idealized  meas¬ 
urements  of  Figure  14b,  F^.,  and  i  I5y  were  hiehlv  irregular.  Recall  that  in  the 
nortiiern  hemisphere,  F^.  positive  corresponds  to  sunward  convection;  i..  is  otit  of 
the  ionosphere  in  regions  where  has  a  negative  slope.  Fight  regions  of  nega¬ 

tive  slope  in  yily  accompanied  by  enhanced  electron  fluxes  are  noted  in  Figure  23. 
Vs  evidenced  by  their  being  embedded  in  polar  rain,  K vents  3  through  7  lie  in  the 
polar  cap. 
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Figure  23.  The  Dawn-to-Dusk  Electric  Field  Component,  and  the  Transverse 
Magnetic  Field  Deflection  (Heavy  Fine,  Top  Panel).  The  directional  electron 
flux  and  pitch  angles  (bottom  panel).  Data  were  taken  over  the  winter  polar  cap 
with  IMF  15.,  northward 
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Fvent  fl  has  been  analyzed  in  detail  by  Burke  et  al.  '  It  was  shown  that  the 

.  a 

field-aligned  current  out  of  the  ionosphere  had  an  intensity  of  2.R  u Aim",  and  was 
carried  by  electrons  with  a  temperature  of  200  eV  that  had  been  accelerated  through 
a  potential  drop  of  '  1  kV.  A  nearly  isotropic  pitch  angle  distribution  of  electrons 
across  Fvent  0  suggests  a  field-aligned  potential  drop  extending  for  large  distances 
along  15.  The  measured  electron  energy  fluxes  of  2.5  *0,5  ergs/cm"  sec  ster 
were  sufficient  to  produce  a  visible  arc.  Figure  24  gives  an  idealized,  two- 
dimensional  projection  of  the  electric  fields  and  currents  associated  with  Fvent  0. 


75.  Burke,  \V.  .1.,  Oussenhoven,  M.  S.,  Kelley,  AT,  C. ,  Hardy,  D.  A.,  and 

Rich,  F.  .1.  (1082)  Flectric  and  magnetic  field  characteristics  of  discrete 
arcs  in  the  polar  cap,  .1.  Heophys.  Res.  157  :2431. 


\s  predicted  by  I.yons,  the  arc  is  in  a  region  of  negative  electric  field 

divergence. 


7.  VI  ROR  VI  <»V  VI.  KI  KCTKODV  \  WIICS 

Che  auroral  oval  is  a  region  of  closed  magnetic  field  lines  mapping  through  the 
plasma  sheet.  Ionospheric  plasma  convection  should  he  mostly  in  the  sunward 
direction.  Near  local  midnight  (noon)  strong  equatorward  (poleward)  convection 
components  are  expected. 

Che  stock-in-trade  vocabulary  of  a  contemporary  auroral  physicist  is  replete 
with  terms  such  as  "inverted-Vs,  "  "double-layers,  "  "diffuse  aurora,  "  beams  and 
conics,  etc.  These  terms  describe  distinct  auroral  processes  first  reported  in 
the  1070s.  '  "  These  new  phenomena  defv  adequate  summation  in  this  section.  Here 
we  consider  three  main  topics  (1)  global  auroral  morphology,  (2)  phenomena  asso¬ 
ciated  with  inverted-V  events,  and  (3)  substorms.  Cnder  the  heading  of  global 
morphology,  we  treat  the  svstematics  of  large-scale,  field-ali gned  current  systems, 
and  the  equatorward  boundary  of  diffuse  auroral  precipitation. 

7.1  (>luii.il  livid  Vli“iK'd  Cilin-nl« 

The  average,  global  field-aligned  current  (FAC)  system  for  periods  of  high 

7° 

and  low  magnetic  urti\ itv  is  shown  in  Figure  liiima  and  Poterara  define 

Region  !  (2)  as  a  region  of  I  'VC  near  the  poleward  (equatorward)  portion  of  the 
Hirer'll  oval.  In  the  evening  sector,  current  flows  into  the  ionosphere  in  Region  2, 
and  out  in  Region  I.  The  polarity  of  current  flow  is  reversed  in  the  morning  sec- 


int on  - jt i • of  the  currents  i  -  of  order  1  s  \/t 
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••-ostb.  by  preci nit.at in ■'  electrons.  It  is  believed  that  cold 
the  ionosphere  to  the  c  a  "net  osnher  e  carry  the  current  into 


I  \  on  ,  I  ,  R.  fl  call  Ti'iprirnu  of  1  i  r  go  -  c1  e  rcinons  of  ntmnr.nl  currents, 
electric  potentials,  m  l  precipitation  !>v  the  diyergence  of  the  convection 
electric  field,  d.  <!eli|lh\  Re.,  11.7:17 

I.M'tts,  I  .  R.  ( 1  ‘>g  ]  >  I)i  ciate  mror  .  fa  airect  result  of  an  inform  1  hi"1', 
altitude  generating  pot  ent  iat  di  1 1- i !  *i  ,  '.  <  lei  iphy ■- .  Res,  !!(>:]. 

Voger,  T.  s.  ,  t'ltte",  1  .  V.,  R'I'!  on,  ",  1  .,  I  vs\!-,  R.  I.,  Temerin,  M., 

and  Torbe id,  R .  II.  M  ' * : H V  s  it , . 1 1  j i ,  u>  a  . ait  s  and  theorie  s  of  low  alt i  - 

Hide  un-oral  particle  . I.-"  -t  j,  a-.,  x-ire  'i'i.  Rev.  27:1“.“.. 

[lip.  .  ^  |  .  ,  |  n  !  I  ’o*  i  -  e  r  )  ,  1  ,  .  M  a 7  ■  1  I  ,  .■  r, .  -  .  e  I  le  c'ei  '"1C I  e  si  st  ip  '  of  f  j  oh  1 

1 1  i  'ne  !  I-I. . .  a  ■  ..If  i  at  e  a  with  U1  *  i .  (  .1  _  I  leopt-v  s  .  Res,  ll.t :  a  an. 


< 


the  ionosphere.  Klumpar  found  that  the  equatorward  boundary  of  Region  2  is  co¬ 
terminus  with  diffuse  auroral  electron  precipitation  in  the  post-midnight  sector.  In 
the  evening  sector.  Region  2  extends  —  2°  equatorward  of  the  electron  precipitation 
boundary. 

Near  local  midnight  and  noon,  large-scale  FACs  are  their  most  complex. 
Figure  27  shows  that  near  midnight  the  morning-side  Region  1  current  overlaps 
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Figure  2a.  \  Sum n. ary  of  the  Distribution  and  Flow  Directions  of  T.arge -Scale 

Fii.'ld-  Migned  Currents  Determined  From  fa)  Data  Obtained  From  430  Passes  of 
Triad  During  Weakly  Disturbed  Conditions,  and  Oil  Data  Obtained  From  Ofifi  Triad 
Passes  During  \ctive  Periods 

the  evening-side  Region  1.  No  simultaneous  electric  field  and  magnetic  field  meas¬ 
urements  have  been  reported  vet.  from  this  region.  It  is  expected,  however,  that 
the  morphology  of  these  F \Cs  can  he  understood  in  terms  of  latitudinal  variations 
of  the  electric  field  fust  prior  to  local  midnight.  Maynard  shower!  that  in  the  late 
evening  sector,  the  large-scale  convective  electric  field  is  directed  poleward  in  the 
equatorward  part  of  the  oval.  It  rotates  through  west,  across  the  Parang  discontinu¬ 
ity,  to  equatorward  in  the  poleward  part  of  the  oval.  Pedersen  currents  driven  in 

'hi.  Klumpar,  D.  M.  (107'')  Relationships  between  auroral  particle  distributions 
md  magnetic  field  perturbations  associated  with  field  aligned  currents, 

.1.  <  lenphvs.  Res.  t{l:072!. 

!’.  1 ,  Maynard,  N.  (P'71)  Fb-rp-ir  fi<dd  ■>  ure-'i-nts  across  the  Parang  dis¬ 
continuity.  T.  tiefinhv.s.  Re  ..  T'Jrld'.’O. 


the  ionosphere  converge  from  both  sides  on  the  Harang  discontinuity.  To  maintain 
an  overall  divergence -free  cun  ant  system,  current  must  flow  into  the  ionosphere 
at  both  the  equatorward  and  poleward  boundaries  of  the  oval,  and  out  of  the  iono¬ 
sphere  near  the  Harang  discontinuity.  These  are  the  essential  features  found  near 
midnight  in  Figure  25. 

In  the  vicinity  of  the  davside  cusp,  an  extra  FAC  system  has  been  observed 
poleward  of  Region  1.  its  polarity  is  opposite  to  that  of  the  nearby  Region  1  current. 
In  the  northern  (southern)  hemisphere  it  appears  only  on  the  afternoon  (morning) 

side  of  noon  when  IMF  B  <  0,  and  only  on  the  morning  (afternoon)  side  when  IMF 

82  ' 

B,.  >  0.  Simultaneous  electric  and  magnetic  field  measurements  from  the  TTSAF 

satellite  S3 -2,  in  the  region  of  the  dayside  cusp,  suggest  that  the  extra  FAC  system 

lies  entirely  on  open,  newly  merged  magnetic  field  lines  that  are  being  dragged 

8  3 

toward  the  dusk  or  dawn  flank  of  the  polar  cap. 

7.2  liii'  iqiiulorwarri  Itoumlarv  of  tli<-  Auroral  Oval 

In  the  previous  section  it  was  pointed  out  that  the  inner  edge  of  the  plasma 
sheet,  or  zero-energy  Alfven  boundary,  maps  to  the  equatorward  boundary  of  dif¬ 
fuse  auroral  precipitation.  More  than  four  thousand  crossings  of  this  boundary 
have  been  analyzed  using  data  from  an  upward -looking  electron  spectrometer  on 
the  polar-orbiting  IS  Ah'  satellites  DMSP/F2  and  DMSP/F4.  The  corrected  geo¬ 
magnetic  latitudes  of  the  boundaries  (A^  )  were  studied  as  functions  of  magnetic 

local  time  (Mf.T)  and  Kp.  Kp  is  a  3  li  index  of  magnetic  activity  compiled  from 
a  worldwide  network  of  mid-latitude  magnetometer  stations.  Results  of  linear 
correlation  analvses 
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from  available  Mf.T  sectors,  are  given  in  Tables  2  and  3  along  with  correlation 

84 

coefficients.  Using  the  magnetic  field  model  of  Fairfield  and  Mead,  the  auroral 
boundaries  were  projected  to  the  magnetospheric  equatorial  plane.  Figure  2fi  is  a 
plot  of  projected  boundary  positions  (open  circles),  in  comparison  with  predictions 
of  the  Volland-Stern  electric  field  model3*5  (solid  line)  and  the  injection  boundary  of 
Mauk  and  Mcllwain33  (dashed  lines).  Best  fits  are  obtained  for  a  shaping  factor  v=2 


Table  2.  Regression  Coefficients  for  Auroral  Boundaries  in  the  Morning  Sector 
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Table  3. 

Regression 

Coefficients  for 

Auroral 

Boundaries 

in  the  Evening  Sector 
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H  I.  Fairfield,  I).  11.,  and  Mead,  C.  I).  (107a)  Magnetospheric  mapping  with  a 
quantitative  geomagnetic  field  model,  .1.  fleophvs.  Res.  110:030. 


80.  Mauk,  B.  II.,  and  Mcllwain,  C.  F.  (1074)  Correlations  of  Kp  with  substorm 
injected  plasma  boundary,  J.  Ceophys.  Res.  70:3103. 


Figure  2fi.  Volland-Stern  Injection  Moundaries  for  =  2  and  \  =  2,  Rotated  to  Fit 
the  Inner  Kdge  of  the  I’lnsma  Sheet  as  Determined  In-  the  DMSP/F2  \urornl  llounda- 
ries,  for  Various  Kp.  The  Maiik-Mcllwain*1-'  injection  boundary  is  also  shown 
(dashed  line) 


Note  that  the  stagnation  points  are  offset  from  tlie  dusk  meridian.  The  offset  angle 
;  ^  varies  from  23"  toward  evening  for  Kp  -  0,  to  la1  toward  afternoon  for  Kp  =  ", 
'Idle  potential  distribution  in  the  equatorial  plane  "  Kq.  (2  1)  takes  the  form 
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is  empirically  related  to  Kp 
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with  a  correlation  coefficient  of  11.07,  Thus, 
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A  further  analysis  ’  has  been  performed  correlating  the  boundary  data  and 
hourly  averaged  solar  wind  and  IMF  measurements.  The  most  significant  results 
were  obtained  when  ^  was  correlated  with  the  interplanetary  electric  field 
V \iy  for  the  hour  preceding  the  boundary  measurement,  subject  to  the  condition 
I '  1  nT.  Correlation  parameters  are  summarized  in  Table  4.  To  compare  the 


Table  4.  The  Intercepts  (A^),  Slopes,  Correlation  Coefficients  fee),  and  Sample 
Sizes  0 V)  for  the  1 .inear  Regression  of  the  Boundary  1. oration  With  V By  in  Each 
Magnetic  I.ocal  Time  /.one.  With  a  1  h  Delay  in  the  Value  of  the  Interplanetary 
Magnetic  Field  (IMF)  Fsed 
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results  of  the  two  Undies,  i  correlation  uni'  .i  ,  •  ■••e; 
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with  V  l?7  in  mV/m,  This  allows  us  to  express  the  magnetospheric  potential  as  a 
function  of  V I \y . 

$(!.,  :)  =  '  li0RE2  [  (fi.  f)  +  2.2  vn7)  l0‘4f.2sin(;  -  -i,  (41) 

To  test  tlie  validity  of  this  equation  it  is  possible  to  calculate  the  cross- 
magnetospheric  potential  drop  (.'<6^),  and  compare  it  with  measured  cross-polar- 
cup  potential  drops  (g$  ). 

To  estimate  ,  we  use  the  position  and  shape  of  the  magnetopause  in  the 
tn  ^  y 

equatorial  plane  given  by  Mcllwain.  In  this  representation,  the  magnetopause 

lies  at  a  distance  of  11R  near  the  subsolar  point,  and  flares  to  a  distance  of 

laH,-  at  the  dawn-dusk  meridian.  We  ignore  storm-time  compressions  of  the 

magnetosphere  in  the  calculations.  Two  methods  of  calculating  ’<J>  are  used. 

m 

The  first  method  sets  -  =  0  in  f'.q,  (40),  making  the  axis  of  symmetry  the  dawn- 

dusk  meridian.  The  second  method  uses  empirical  values  of  ?  given  in  Figure  2fi. 
For  i.p  =  0,  tlie'  axis  is  tilted  with  the  dusk  stagnation  point  23’  to  the  nightward 
side  of  the  dawn-dusk  meridian.  For  higher  values  of  Kp,  the  stagnation  point 
rotates  sunward,  reaching  a  constant  value  of  -  IS'"  for  Kn  •’  2.  Tn  Figure  27,  we 
have  sketched  the  axes  of  svmmotrv,  indicating  approximate  distances  to  the  dawn 
and  dusk  sides  of  the  magnetopause  for  Kp  =0,  1,  2,  and  >  2. 

In  Figure  2D,  <J>ni  is  plotted  as  a  function  of  Kp,  V  I1,-.,  and  is  posi¬ 

tive  when  the  interplanetarv  electric  field  is  directed  from  dawn  to  dusk  (nositive  Y 
in  tandard  geocentric,  solar-magnetosnhe’'ic  coordinates).  Values  of  R~  are 
derived  fro’--  V  1 using  a  solar  wind  speed  of  ion  km/sec.  T’,p  -olid  line  calcu¬ 
lations  as  Mime  ;  r  0;  that  is,  the  dawn-dusk  meridian  i«  the  axis  of  svmmetrv. 

For  t ! ; j  oa-e,  $  increases  linear!’.’  from  0.  .*  for  Fn  =  0,  *o  Of  VV  for  Kn  -  f. 

T!>e  dot-'ki.-1’  line  indicates  values  of  $  using  emnirical  value--  of  -  and  axes  of 
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irvlic  ’.to'!  in  Kicniro  27.  Tn  those  calculation.-,  $  r:  inerts  fror'  "  1:T’ 
f'T  T  o  =  to  ^5  1:’.  for  Kn  =  G,  Wo  note  that  in  those  calculation.®  there  i  <  r\n 
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I  i mro  27.  Kquntorial  Magnetopause 
fur  \  iriou  .  X'alins  of  I ip 
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With  Distances  Along  Axes  of  Symmetry 


-  -•! for  I  .|>  ->2, 
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to  the  v  dee  of  : '  ,  and  arc  considerably  less  than  Ifeppnor's  ,  With  values  of 

<J>(  and  •$  arc  of  comparable  magnitudes.  In  a  time  aver- 
■  $  and  •<!>  arc  coupled  through  the  process  of  magnetic  reconnection 

|IC  111 

in  the  rragnetotail.  The  two  quantities  must  ho  roughly  the  same  since,  on  average, 
the  amount  of  magnetic  flux  transferred  to  the  nightside  magnetosphere  must  equal 
the  amount  being  returned  to  the  dayside  magnetosphere. 

We  emphasize  that  these  are  "average"  results  in  the  sense  that  they  represent 
least  squares  fits  to  the  data.  Heppner^pointod  out  that  frequently  exceeds 

IDO  l:V  during  periods  of  high  Kp.  Similarly,  in  both  PATSP  boundaries,  for  cases 
of  large  negative  U  an'!  high  Kp  respectively,  the  latitude  of  the  boundary  is  often 
much  lower  than  the  average.  Since  such  cases  correspond  to  the  Alfven  boundary 
being  closer  than  average  to  the  earth,  they  also  correspond  to  potentials  exceeding 
IDO  !;V. 
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Figure  28.  Polar  Cap  Potential,  From  Heppner  1  (Dashed  tine),  anri  From 
Kq,  (12)  With  ;0  =  n  (Solid  Pine),  and  :0  With  Fmpirical  Values  (Tlot-Pcash  Line) 


7.  >  lmrili*ll  \  I’llflloiiH'lKiln”  \ 

Diffuse  auroral  electron  precipitation  is  fairly  uniform,  and  isotropically 
distributed.  In  the  poleward  portion  of  the  oval,  electron  fluxes  are  more  spatially 
structured,  and  are  often  field  aliened.  Discrete,  optical  arcs  are  the  most  strik¬ 
ing  manifestation  of  the  structuring  process.  The  dominant  structural  features  of 
electron  fluxes  observed  with  polar  orbiting  satellites  are  the  so-called  inverted-V 
structures.  These  structures  are  latitudinally  narrow  (-  1*)  bands  of  electron 

precipitation  that  increase  in  average  energy  from  a  few  hundred  eV  to  several  keV, 

(til 

then  return  to  a  few  hundred  eY.  On  onergv-time  spectrograms  thev  have  the 


shapes  of  inverted  V 


\1  though  individual  inverted-V  structures  have  been 


(tit.  Frank,  I..  \.,  and  \ckerson,  K.  F.  (1 H7 1 )  Observations  of  charged  particle 
precipitation  into  the  auroral  zone.  .T.  fleophvs.  lies.  7(>:3ni2. 


identified  with  ground -observed  discrete  arcs,  '  the  general  relationship  between 
the  two  phenomena  is  not  clear.  Inverted-Vs  have  latitudinal  dimensions  of  several 
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hundred  km,  whereas  optical  arcs  have  typical  widths  of  1  to  10  km. 
g  i 

Lin  and  Hoffman'  have  studied  the  global  distribution  of  inverted-V  structures, 
and  the  pitch-angle  distribution  of  electrons  within  them.  Figure  29  is  an  event 
occurrence  map  of  280  inverted-V  structures  observed  with  the  AE-D  satellite. 


AE-D 

“INVERTED  V”  EVENT  OCCURRENCE  MAP 


Figure  29.  Spatial  Occurrence  Map  of  280  Inverted-V  Events.  T.ocal  time  and 
circles  of  constant  invariant  latitude  are  shown  as  reference 


89.  \ckerson,  K.  I...  and  Frank,  L.  \.  (1972)  Correlated  satellite  measure¬ 
ments  of  low-energv  electron  precipitation  and  ground-based  observations 
of  a  visible  auroral  arc,  .1.  fleophvs.  lies.  77:1  128, 


'•0.  Maggs,  ■!.  I . . ,  and  Davis,  T.  \.  (long)  Measurement  of  the  thickness  of 
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nl.  |  in,  C.  S.,  and  Hoffman,  H.  \.  (1979)  Characteristics  of  the  inverted-V 
•  'vent,  .1.  ( ieophy s.  lies.  81:191-1. 
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This  map  shows  that  inverted-Vs  are  found  throughout  the  high-latitude  region. 
They  appear  predominantly  in  the  late  evening  sector,  and  are  absent  from  the  late 
pre-noon  MET  sector. 

The  pitch-angle  distribution  of  electrons  measured  over  an  inverted-V  event 
is  given  in  Figure  30.  This  spectrogram  gives  the  ratio  of  field-aligned  flux  at  a 


25 

10 

5 

2 

1  0 
05 

02 


Figure  30.  Spectrogram  Displaying  the  Flux  Patios  at  7°  and  R0°  of  an  lnverted-V 
Fvent.  The  flux  ratios  are  separated  into  four  categories  as  shown  in  the  upper 
right  corner 

given  energy,  to  the  flux  at  pitch  angles  of  00D.  The  heaw  black  line  gives  the 

energy  at  which  the  maximum  differential  flux  was  measured.  \Tote  that  the  enprgv 

of  the  peak  flux  rises  to  -  3  keV  at  1003:05  FT  then  decreases  to  —  0.  5  keV  ?0 

seconds  later.  At  the  energv  of  the  peak  flux,  the  electrons  are  field-aligned, 

whereas  those  with  higher  energies  are  isotropic  over  the  downcoming  hemisphere. 

This  distribution  is  consistent  with  the  electrons  having  been  accelerated  through 
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a  field-aligned  potential  drop  at  an  altitude  above  the  point  of  observation.'  “  Elec¬ 
trons  with  energies  less  than  that  of  the  peak  show  highly  complex  pitch-angle 
distributions.  Some  of  these  electrons  are  secondaries  and  degraded  primaries 
trapped  between  a  magnetic  mirror  point  and  an  electrostatic  potential  harrier, 
some  of  the  low-energy  electrons  are  highlv  field-aligned,  suggesting  that  they  are 
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°2.  I.'vans,  [).  S.  (13741  Precipitating  electron  fluxes  formed  bv  a  magnetic  field- 
aligned  potential  difference,  T.  Ceophys.  Res.  79:2853. 


accelerated  electrons  of  ionospheric  origin.  If  so,  the  complexity  of  their  distri- 
bution  suggests  that  the  field-aligned  potential  drop  is  varying  temporally,  and/or 
spatially. 

One  of  the  most  exciting  developments  of  the  1970s  was  the  development  of 
direct  evidence  for  the  existence  of  field-aligned  potential  drops  from  measure¬ 
ments  bv  instrumentation  on  the  S3 -3  satellite.  The  observational  work  of  the 
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University  of  California,  Rerkeley  group  is  summarized  by  Mozer. 

The  highly  eccentric  orbit  of  S3-3  carried  it  to  altitudes  of  ~  8000  km  above 
the  auroral  ionosphere.  This  is  a  hitherto  unexplored  region.  At  these  altitudes, 
very  intense  electric  field  structures  were  observed.  An  example  given  in 
Figure  31  shows  electric  fields  at  8000  km  reaching  400  mV/m,  and  undergoing 
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Figure  31.  \n  Kxample  of  a  Rapid  Klectric  Field  Reversal  Observed  at  8000  km 
by  S3-378 


rapid  reversals.  If  mapped,  assuming  K  •  11  =  0,  to  auroral  arc  altitudes,  the 
electric  field  intensities  would  be  of  the  order  of  1000  mV/m,  and  the  latitudinal 
width  of  the  structure  would  lie  <  10  km.  This  is  a  typical  width  of  a  discrete  opti¬ 
cal  arc.  The  electric  field  intensity,  however,  greatly  exceeds  that  measured  in 
the  lower  ionosphere.  For  this  reason,  it  is  argued  that  there  must  be  a  potential 
drop  along  magnetic  field  lines  that  accelerate  plasma  sheet  electrons  to  form  ares 
These  electric  field  structures  have  been  observed  at  all  altitudes  down  to 
1000  km.  Tliev  are  mostly  found  above  1000  km.  Comparisons  of  S3-3  electric 


'’8.  Mozer,  I  .  S.  fl1*}!])  The  low  altitude  electric  field  structure  of  discrete 

auroral  arc-,  in  I’hysics  of  Xuroral  \rc  Formation,  8.  -1.  \kasofu,  !>!., 
\(,I  Monograph  iTa,  Washington,  I).  C.  an.  TTTi  TT_>. 


field  measurements  with  simultaneous  measurements  from  other  instruments  on 
the  spacecraft  show  that  the  electric  field  structures  are  embedded  in  regions 
of  hydrogen  cyclotron,  electrostatic  wave  turbulence  that  are  colocated  with  in- 
verted-V  precipitation  structures.  Within  the  electric  field  reversals,  we  find 
fluxes  of  field-aligned  electrons  going  into,  and  T!+  and  0+  ions  going  out  of,  the 
ionosphere.  The  specific  morphology  of  these  structures  is  still  under  active 
study.  An  understanding  of  how  these  structures  extend  up  to  altitudes  of  25,000  km 
will  be  one  of  the  first  fruits  of  the  Dynamics  Explorer- A  satellite,  launched  in  the 
summer  of  1981. 

7. 1  Siihstnrms 

No  overview  of  high-latitude  electrodynamics  would  lie  complete  without  some 

comment,  no  matter  how  cursory,  on  substorms.  It  is  during  substorms  that  the 

dynamic  coupling  between  the  magnetosphere  and  ionosphere  is  most  striking. 

Despite  intensive  studies  of  substorm  processes  over  the  last  fifteen  years,  the 

richness  of  the  observations  has  made  total  agreement  on  what  constitutes  the 

essential  elements  of  a  substorm  elusive. 

The  evolution  of  discrete  auroral  arcs  in  the  H  -evening  sector  as  svnopsired 
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from  all-sky  camera  data  by  Akasofu,  is  given  ;n  Figure  22.  1  nder  pre-substorm 

conditions,  homogeneous  arcs  extending  for  thousands  of  kilometers  in  the  east- 
west  direction  are  found  in  the  oval,  and  sun-aligned  arcs  are  found  in  the  polar  cap. 
Substorm  onset  is  announced  by  a  brightening  of  the  most  equatorward  arc.  The 
rliscrete  arcs  expand  poleward,  and  westward -traveling  surges  develop  in  the  eve¬ 
ning  sector,  \fter  expanding  to  some  maximum  latitude,  the  arcs  slowly  retreat 
toward  their  pre-substorm  condition. 

To  resolve  differences  between  various  schools  of  thought,  nine  active  investi¬ 
gators  met  in  \ugust  1978  to:  (1)  specifv  substorm  signatures,  and  f21  unambigu¬ 
ously  define  words  commonly  (often  differentlv!  used  to  describe  substorm  proc- 
n-, 

esses.  Major  points  of  agreement  were: 

(1)  During  extended  periods  of  northward  IMF,  the  magnet osphere  nuiets 
and  asymptotically  approaches  a  ground  state, 

(2)  \s  the  IMF  turns  southward,  magnetospheric  convection  increases.  This 
enhanced  convection  can  exist  for  some  time  prior  to  substorm  onset. 

94.  \kasofu,  S.  -I.  (1964)  The  development  of  the  auroral  substorm,  Flatlet. 

Space  Sci.  12:272. 

95.  Rostoker,  <4. ,  Akasofu,  S.  -I.,  Foster,  I.,  Hreenwald,  I?.  \.  ,  Kami  do,  5  ., 

Kawasaki,  K.,  Fui,  \.  T.  Y.,  Mcl’herron,  R.  I...  and  Russell,  r.  T. 

(19c2D)  Magnetospheric  substorms  --  definitions  and  signature-;,  .T.  lipnoKs, 
Res.  85: 1669. 


(3)  Substorm  onset  is  signaled  by  an  explosive  increase  in  luminosity  of  the 
most  equatorward  arc,  an  intensification  of  the  auroral  electro-jet,  and  a 
burst  of  micropulsation.  The  burst  of  micropulsation  testifies  to  the  ex¬ 
plosive  nature  of  the  onset  process  in  the  magnetospherie  source  region. 

(4)  The  expansion  phase  occurs  from  onset  to  the  time  when  the  midnight 
sector  arcs  have  undergone  their  most  poleward  excursions.  Note  that, 
in  this  definition, -multiple  intensifications  of  the  substorm  process,  each 
marked  by  a  micropulsation  burst,  are  allowed. 

(5)  The  recovery  phase  coincides  with  the  period  in  which  midnight  sector  arcs 
retreat  equatorward. 


Figure  32.  Schematic  Diagram  to  Illustrate  the  Development  of  the  \uroral  Sub¬ 
storm.  The  center  of  the  concentric  circles  in  each  stage  is  the  north  geomagnetic 
pole,  and  the  sun  is  toward  the  top  of  the  diagram 


The  substorm  signatures  dealt  with  in  the  August  1978  meeting  are  observahle 
from  ground-based  instrumentation.  Except  for  the  micropulsation  bursts,  the 
signatures  are  of  ionospheric  effects  whose  causes  lie  in  the  magnetosphere.  A 
key  observation  for  understanding  how  substorms  may  be  triggered  comes  from 
numerous  satellites  at  geostationary  altitude.  During  pre-substorm  periods  the 
nightside  magnetic  field  at  fi.  7  Rj-,  takes  on  a  tail-like  configuration.  At  substorm 
onset,  the  magnetic  field  rapidly  recovers  its  normal,  nearly  dipolar,  configuration. 
Simultaneously,  hot  plasma  sheet  particles,  with  no  dispersion,  are  iniected. 

To  explain  the  observations,  the  following  scenario  has  been  pieced  together. 

(1)  \t  a  southward  turning  of  the  TA1F,  magnetic  flux  is  transferred 
from  the  day  to  the  night  side  of  the  magnetosphere.  This  process 
proceeds  for  about  half  an  hour  in  which  potential  energy,  in  the  form 
of  stored  magnetic  flux,  builds  up  in  the  tail.  During  this  period,  the 
neutral  sheet  current  moves  earthward  to  ~  10  R.^,  leading  to  a  tail-like 
field  geometrv  at  fi.7  R^.  Recall  that  discrete  arcs  map  to  the  boundary 
plasma  sheet,  rather  than  the  central  plasma  sheet.  Thus,  the  most 
equatorward  arc  maps  to  a  region  near  the  inner  edge  of  the  neutral 
sheet  current, 

(2)  \t  substorm  onset,  the  neutral  sheet  current  near  the  inner  edge  of  the 
boundary  plasma  sheet  is  diverted  via  field-aligned  currents  through 
the  ionosphere.  This  leads  to  a  collapse  of  the  inner  portion  of  the 
tail.  In  the  ionosphere,  part  of  the  energy  released  in  the  collapse 

of  the  tail  appears  as  an  explosive  brightening  of  the  most  equatorward 
arc.  \s  the  inner-tail  field  lines  snap  back  to  dipolar,  plasma  sheet 
electrons  are  rapidlv  accelerated  by  inductive  electric  fields,  and  are 
iniected  to  the  vicinity  of  geostationary  distance.  The  process  con¬ 
tinues  while  \>y  remains  southward. 

(3)  When  the  TAIF  turns  northward,  the  rate  of  flux  transfer  decreases 
abruptly.  If  the  IMF  maintains  a  northward  component  for  considerable 
time,  the  potential  energy  stored  in  the  tail  is  slowly  dissipated,  and 
the  magnetosphere  relaxes  toward  a  ground  state. 


li.  (  <>\<  1,1  > I ( 1  \  > 

This  treatise  provides  an  introductory  summary  of  what  is  kno"-n  abort  I'm 
electrodynamics  of  the  magnetosphere,  and  the  high-latitude  ionosphere,  prior 
to  the  launch  of  the  Dynamics  explorer  satellites.  <  >ur  knowledge  i-  in  a a1  gam 
of  theoretical  models  and  in  situ  observations.  In  a  meditative  -anise,  we  are 
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able  to  explain  the  gross  features  of  magnetospheric  processes.  For  example,  a 
set  of  MTID  equations  has  been  used  successfully  to  calculate  the  equilibrium  shape 
of  the  magnetopause.  *  However,  the  microphvsics  of  how  (if)  magnetic  merging 
occurs  at  the  magnetopause,  and  how  particles  cross  the  magnetopause  to  form 

the  boundary  layer,  are  not  yet  understood.  An  essentially  ATI  ID  model  for  coupling 
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between  the  ionosphere  and  magnetosphere  has  been  applied  to  successfully  simu¬ 
late  substorm  effects  in  the  inner  plasma  sheet,  and  the  low-latitude  portion  of  the 
auroral  oval.  ’’  Thus,  adiabatic  energization  is  an  important  and  well -understood 
magnetospheric  process,  Other  energization  processes,  associated  with  reconnec¬ 
tion  in  the  magnetotail,  are  not  understood.  The  role  of  parallel  electric  fields  for 
the  formation  of  auroral  arcs  was  experimentally  established  in  the  I^Os.  Com¬ 
peting  theoretical  models  of  how  parallel  electric  fields  form  in  a  collisionless 
plasma  fill  the  literature.  The  list  of  particle  successes  could  go  on  and  fin. 

With  tiie  gift  of  hindsight,  it  is  interesting  to  examine  the  work  of  cartographers 
from  the  mid -seventeenth  century.  The  mixed  fruits  of  explorations  spanning  two 
hundred  years  are  evident.  Kurope,  the  Aliddle  Fast,  \frica,  and  the  eastern 
shores  of  the  Americas  are  mapper!  with  exquisite  detail.  Shapes  assigned  to  the 
American  west  coasts  and  to  the  nations  of  east  Asia  range  from  vague  to  fanciful. 

<  *ur  own  position,  twenty  years  into  the  age  of  satellite  exploration,  is  analogous  to 
that  of  seventeenth -centu r\  map-makers.  Some  parts  of  the  magnetosphere- 
ionosphere  system  are  well  explored.  <>ur  understanding  of  other  important  parts 
is  based  on  fragmentary  data  samples,  and  leaves  much  to  lie  desired.  1'ndoubtedlv, 
readers  a  few  decades  hence  will  find  many  of  our  ideas  ns  quaintly  amusing  as  the 
seventeenth-century  image  of  Japan.  To  those  who  view  cartography  nr  space 
physics  as  quasi-static  processes,  this  is  a  scandalous  situation.  To  those  involved 
in  tlie  process,  it  is  the  excitement  of  exploration. 
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SYMBOLS  AM)  GLOSSARY 

\  Magnetic  Vector  potential 

Mfven  layer  (zero  energy)  Hound  ary  between  open  and  closed  electric  equipoten- 
tials  in  the  magnetosphere.  It  is  believed  to  mark  the  earthward 
boundary  of  the  plasma  sheet. 

urt.ral  <  t"il  The  instantaneous  location  of  auroral  particle  precipitation 

\coelerated,  upward  moving-ions  observed  at  altitudes  >  40(10  km 
above  auroral  arcs  with  maximum  fluxes  along  the  magnetic  field 
vector. 

Magnetic  Field 

I  k  (  Dipole  magnetic  field  of  the  earth 

Magnetic  Field  st.rengtfi  at  mirror  point 
H,r|  Magnetic  Field  strength  in  magnetotail 

1  Total  magnetic  field  at  magnetopause 

Conic-,  reel crated  ionospheric  ions  that  are  frequently  observed  at  alti¬ 

tudes  >  2000  km  moving  up  auroral  magnetic  field  linos  with  max;- 
’"iim  fluxes  at  pitcli  angles  between  ft'  and  00'. 

Diffuse  aurora  Relatively  uniform  precipitation  of  electrons  and  rrotons  fr  > 

central  plasma  sheet. 

Double  layer  \  spatiallv  confined  region  of  potential  drop  frequently  observed 
in  laboratory  plasmas.  Thev  are  possiblv  responsible  for  field- 
aligned  potential  drops  that  occur  above  auroral  arcs. 

Total  energy  of  a  particle 

p  Fnergv  needed  for  a  particle  to  undergo  resonant  scattering 

F  Flectric  Field 

Ff  Convective  electric  field 

F-  Corotation  electric  field 

Fntrv  layer  Alternate  name  for  t ho  interior  cusp  where  maenetosheath  elec¬ 
trons  gain  diffuse  entry  to  the  magnetosphere 

I  lar  any  T!>e  boundary  in  the  midnight  sector  between  the  westward  and 

di  -continuity  eastward  eloctrojets 

I  Height  integrated  current 

IMF  Interplanetary  magnetic  field 


1 


h- 


L- 


r 


;n 

Inverted-V 

Latitudinally  narrow  1 . 0°  >  bands  of  electron  precipitation  that 

increase  in  average  energy  from  a  few  hundred  eV  to  several  keV 
and  then  return  to  a  few  hundred  eV.  On  time-energy  spectrograms 
they  have  the  shape  of  inverted  Vs. 

J 

|p  ds  -  the  longitudinal  invariant  of  particle  motion  in  a  force  field 

J  u 

j 

Current  density 

K 

P 

Planetary  3 -hour  index  of  magnetic  activity  compiled  from  a  world¬ 
wide  network  of  mid -latitude  magnetometer  stations 

L 

Distance  from  the  center  of  the  earth  measured  in  earth  radii 

:« 

T^ow  Latitude 
Boundary 
Layer 

A  thin  ( ~  0.  5  Rp;)  layer  inside  the  magnetopause  characterized  by 
closed  magnetic  field  lines  and  magnetosheath  plasma  flowing  in 
the  antisunward  direction 

M 

Magnetic  moment  vector  of  the  earth 

m 

P 

mass  of  a  proton 

Magnetosheath 

Region  of  shocked  solar  wind  plasma  flow 

f'S 

»S/,lK 

A 

nM 

Unit  normal,  directed  outward  from  magnetosphere 

n 

s 

Solar  wind  density 

i* 

Total  pressure  tensor 

; 

*\se 

Thermal  pressure  due  to  solar  wind  electrons 

P.si 

Thermal  pressure  due  to  solar  wind  ions 

Id  asm  a  mantle 

\  region  of  antisunward,  field-aligned  plasma  flow  observed  in¬ 
side  the  magnetosphere  in  the  region  of  open  magnetic  field  lines 

Pitch  \ngle 

The  angle  between  a  particle's  velocity  and  the  local  magnetic 
field  vector 

-  • 

Plasma  Sheet 

1  Joundary 
f  .aver 

\  spatially  thin  region  between  the  central  plasma  sheet  and  the 
lobes  of  tbe  magnetotail.  The  region  is  often  marked  by  signifi¬ 
cant  field -aligned  plasma  flows 

K 

Radius  of  curvature  of  magnetic  field  lines 

[ii: 

Karth  Radius 

„ 

«MT 

Radius  of  magnetotail 

• 

,!S 

Distance  to  tbe  stagnation  point  where  corotation  and  convective 
electric  fields  cancel  exactly 

si : 

Concentric  solar  ecliptic  coordinates 

S\l 

Leocentric  solar  magnetospberic  coordinates 

1  • 

7'J 

• 

Maxwell  stress  tensor 


7.  component  of  interplanetary  magnetic  field  multiplied  by  its 
velocity.  This  quantity  is  also  referred  to  as  the  interplanetary 
electric  field 

Drift  velocity  due  to  magnetic  field  line  curvature 
Drift  velocity 

Drift  velocity  due  to  electric  field 

Drift  velocity  due  to  magnetic  field  gradient 

Neutral  wind  velocity 

Solar  wind  velocity 

Pitch  angle 

Pitch  angle  of  a  particle  at  the  magnetic  equator 

Angle  of  atmospheric  loss  cone  shaping  factor 

Parameter  giving  the  level  of  electrical  shielding  of  the  magneto¬ 
sphere  from  the  convective  dawn-to-dusk  electric  field 

O  4 

Parameter  used  hv  \kasofu,  vB  sin4  (S/2) 

Kquatorward  boundary  of  diffuse  auroral  precipitation  (see  Alfven 
boundary) 

Magnetic  moment 

Permittivity  of  free  space 

Conductivity  tensor 

Pedersen  conductivity 

electrical  potential 
Cross-magnetospheric  potential  drop 

Cross-polar  cap  potential  drop 

I  .ocal  time,  angle  measured  from  midnight 
Inclination  of  magnetic  field  lines 

o  \  .dl  -  the  flux  invariant  of  energetic  particle  motion 
\ngu1ar  spin  velocity  of  the  Ifarth 
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